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Abstract 
The Illinois River in Illinois is characterized by a pollution gradient originating from 
highly urbanized and industrialized upstream sources that contain elevated levels of endocrine-
disrupting chemicals (EDCs). Controlled exposures of fish to EDCs in laboratory have produced 
increased feminization of male gonadal tissue in fish (i.e. intersex condition), elevated levels of 
the blood lipoprotein vitellogenin (VTG), and decreased reproduction. However, assessments of 
the prevalence and distribution of VTG and intersex in wild fish populations are necessary and 
few have been performed on the Illinois River. Such field studies may provide insight into both 
the extent of exposure of fish to EDCs and whether there are species-specific differences in 
response to this exposure. Long-term data suggests that common carp populations are declining 
in the Illinois River while the age structure of channel catfish has shifted to primarily older fish. 
This study assessed gonadosomatic index (GSI), liver somatic index (LSI), intersex condition, 
elevated VTG levels, and fecundity indices in common carp (Cyprinus carpio) and channel 
catfish (Ictalurus punctatus) along a pollution gradient in the Illinois River, Illinois from the 
headwaters to the confluence with the Mississippi River. 
Common carp and channel catfish were collected along a downstream gradient of sites in 
the Illinois River from River Kilometer 32 to 446. Microscopic analysis of thin sections of male 
gonadal tissue were assessed for prevalence of intersex (oocytes in testicular tissue) in both 
species. In addition, I utilized a carp-specific Enzyme-Linked Immunosorbent Assay (ELISA) to 
contrast carp blood plasma VTG between fish caught at Upper and Lower Illinois River 
watershed sites. I found evidence of intersex condition in male testes from both fish species and 
VTG induction in male common carp, however rates of intersex were low compared to other fish 
species and did not vary spatially. Male carp VTG levels were not different among sites and 
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averaged 6.7 ug/mL across all sites. This level of VTG is near or below method detection limits 
and low in comparison to levels in females, which had blood concentrations in the <100 ug/mL 
range.  
I also investigated whether landscape and point-source pollution factors were related to 
patterns of reproductive health in common carp and channel catfish. Reproductive condition was 
indexed using LSI, GSI, total fecundity and relative fecundity. An Akaike’s Information 
Criterion (AIC) modeling approach was used to identify the most influential landscape and 
point-source pollution-related variables. The AICc modeling produced only one candidate model 
in which a single health attribute, male GSI in common carp, was affected by temperature and 
proportion of urbanization and wetland land uses in the tributaries immediately upstream of 
sampling sites. These results suggest that the other select landscape attributes considered 
(distance of the site downstream from Chicago, adjacent land use, local point-source pollution 
load, and site environmental variables) had little demonstrable effect on the reproductive 
condition of common carp and channel catfish between locations. 
Reproductive metrics in fish from the heavily urbanized upper and highly agricultural 
lower basin sites were compared to fish collected from a disconnected, restored floodplain 
wetland preserve. Common carp from the Emiquon Preserve had both smaller gonads and 
smaller, fewer eggs at a given body length than carp from the Upper Illinois or Lower Illinois 
River sites. The fecundity and GSI of channel catfish did not differ between Upper River and 
Lower River locations. The LSI was elevated in male common carp from the Upper River and 
both genders of channel catfish from the Upper River locations.  
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This study provided a baseline assessment of intersex, vitellogenin, and reproduction in 
two commercially important species. While many studies have examined common carp in the lab 
and aquaculture environments for signs of endocrine disruption, little has been documented for 
either wild populations of carp or channel catfish. The declining population trends for these two 
important Illinois River fishes and the physiological differences between species necessitates 
continued investigation of endocrine disruption. Contrary to the results from the examination of 
other select species in this river system, I found little evidence of endocrine disruption in 
common carp and catfish. Because this result is in strong contrast to other species in this system 
and elsewhere in the North America, it is essential to continue to monitor the reproductive health 
of these species as well as others in the Illinois River to determine the potential long-term 
consequences of EDCs. 
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CHAPTER 1: COMPARISON OF INTERSEX PREVALENCE AND VITELLOGENIN 
LEVELS IN COMMON CARP (CYPRINUS CARPIO) AND CHANNEL CATFISH 
(ICTALURUS PUNCTATUS) IN RELATION TO LANDSCAPE AND LOCAL 
ATTRIBUTES IN A FLOODPLAIN RIVER SYSTEM 
1.1 INTRODUCTION 
There is evidence that endocrine-disrupting chemicals (EDCs) from point source 
discharges, often wastewater treatment plant effluent, pose an emerging long-term threat to the 
sustainable health and reproduction of fishes. Examples include: reproductively impaired darters 
below urban effluent in Ontario (Tetreault et al., 2011); intersex barbel near a polluted tributary 
in Italy (Viganò et al., 2001); feminization roach near large population centers in U.K. (Jobling 
et al., 2005); and intersex black basses, cyprinids, and several other fishes in the U.S. (Goodbred 
et al., 1997; Hinck et al., 2009). The Illinois River has a notable history of pollution associated 
with heavily urbanized and industrialized areas in its headwaters, such as metropolitan Chicago 
(Cruikshank, 1998; Starrett, 1972; Theiling, 1999). This environmental legacy can have 
persistent effects on aquatic life despite the improved pollution treatment (Bridge & Kelly, 2013; 
Restum et al., 1998). Although the impacts of many types of legacy contaminants have been 
assessed, very little is known about the adverse effects of endocrine disrupting chemicals (EDCs) 
in this river system (Martinovic-Weigelt et al., 2013). Legacy EDCs, those contaminants that 
have persisted long after introduction into a system, have the potential to affect resident fishes as 
much or more than EDCs currently being introduced. To date there is little information on actual 
prevalence or distribution of the effects of EDC exposure. 
While the most common sources of EDCs is similar to known toxic compounds such as 
nitrates and heavy metals, the response is more likely to be reproductive impairment rather than  
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mortality (Kolpin et al., 2002; Tong & Chen, 2002; van der Oost et al., 2003). Moreover, unlike 
acute toxicity attributed to commonly-used pesticides and chemicals, direct EDC exposure is a 
chronic problem that may manifest itself at the population level through reproductive impairment 
(Elliot et al., 2003; Hamilton et al., 2015; Kidd et al., 2007). Examples of chronic effects on 
reproduction of fishes can range from reduced fecundity to sex reversal, and have the potential 
for population-level effects. The occurrence of intersex condition in fishes resulting from EDC 
exposure has been reported in at least 24 countries (Bahamonde et al., 2013). In addition, the 
potential for impairment from EDCs has been indirectly confirmed by recovery of reproduction 
following chemical bans or removal from a contaminated system (Bergman et al., 2013; Larsson 
& Förlin, 2002; Tetreault et al., 2011).  
Critical endpoints of endocrine disruption in fish 
Disruption of the endocrine system can affect a wide range of physiological endpoints 
(Di Giulio & Hinton, 2008), however in fish the relationship with reproduction and related 
processes such as vitellogenin induction for egg yolk contribution is among the most well-
established (Arcand-Hoy & Benson, 1998). For instance, elicited VTG synthesis in male fish can 
be an indication of increased EDC exposure (Kidd et al., 2007). Females may experience VTG 
suppression due to anti-estrogenic activities and reduced hepatic receptor binding. In contrast, 
significant plasma or liver VTG expression in males provides a measure of xenoestrogenic 
exposure (Kang et al., 2002). A meta-analysis of the results from fish in 43 rivers that exhibited 
VTG induction found male levels to vary between barely-detectable to over 50,000 ng/L, with 
levels of VTG being connected to the size of human populations near the effluents. Of the 
limited number of species studied thus far, male common carp and rainbow trout were among the 
most likely to have elevated levels of VTG. Studies suggest that this is a product of the benthic 
3 
 
foraging behaviors of these fish in combination with sediment-associated EDCs (Desforges et al., 
2010). A laboratory study by Nash et al. (2004) found that male zebrafish displayed a 5000% 
increase in VTG expression following a 40-day exposure of small doses of a synthetic estrogen 
found in birth control (0.5 ng/L) and levels as low as 1 ng/L may reduce reproductive success 
and have been determined in several sources of effluent (Kolpin et al., 2002). Thus, the detection 
of this female-specific protein along with female gonadal tissue in male fish are likely to be good 
indicators of exposure to EDCs. 
One of the most noted manifestations of endocrine disruption is intersex condition in 
males, the presence of ovarian follicles interspersed into male gonadal tissue. This condition is 
assumed to be the consequence of increased estrogenic activities, such as those elicited by either 
natural estrogens (e.g. 17β -estradiol), synthetic estrogens (e.g. 17α -ethinyl estradiol), or 
induction via anti-androgenic chemicals (e.g. DDT) (Guillette et al., 1996; Jobling et al., 2005). 
According to Bahamonde et al. (2013), evidence of intersex has been reported for wild 
populations in 37 fish species, encompassing nearly 20 different families. The role of intersex on 
reproductive failure in wild populations is not fully understood; however, modeling exercises 
have predicted more than a 75% reduction in  reproductive success for intersex males that could 
be attributed to physiological/behavioral-associated failures (Harris et al., 2011). Anthropogenic 
activities common to this region, namely agricultural practices for the majority of the basin and 
highly concentrated point sources of municipal and industrial wastewater effluent at urban 
centers along the river, are responsible for this kind of reproductive impairment in other systems. 
The National Water Quality Assessment Program (NAWQA) survey of Illinois River sites found 
evidence of elevated VTG in male carp that appeared to be related to pesticide use, suggesting it 
would be a good candidate system for a more intensive examination of fish response to exposure 
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(Goodbred et al., 1997; Groschen et al., 2004; Groschen et al., 2000). Moreover, intersex was 
documented in Illinois lakes as early as the 1940s (James, 1946) and the Illinois River as recently 
as 2015 (Fritts et al., 2016).  
In this research I investigate spatial and species-specific variation in certain biomarkers 
of endocrine disruption to determine whether incidence could be connected to urbanized 
locations and if these species could be as susceptible as those identified in the literature (Fritts et 
al., 2016). Intersex condition, VTG, and liver somatic index (LSI) in two ubiquitous species, 
common carp (Cyprinus carpio) and channel catfish (Ictalurus punctatus), were examined in the 
Illinois River. These two species are commercially important and may face additional exposure 
to EDCs compared to the more commonly studied largemouth bass due to their benthic feeding 
habits. The large predatory channel catfish may also be vulnerable to increased EDC exposure 
because it is a piscivore and many EDCs are known to bioaccumulate. Both are important 
commercial and recreational fish throughout the region, and cyprinid intersex and VTG 
responses in long-and short-term laboratory exposures suggest a cause for concern (Gimeno et 
al., 1998; Shappell et al., 2010; Sohoni et al., 2001). My goals for this study were to: 1) 
determine the occurrence of intersex in male common carp and channel catfish and 2) assess the 
potential for male carp to express elevated levels of VTG and liver size in order to find any 
spatial pattern in endocrine disruption. 
1.2 MATERIALS AND METHODS 
Study Area 
The headwaters of the Illinois River are located in a highly urbanized and industrialized 
area about 80 kilometers south of downtown Chicago and the river extends >430 kilometers 
downstream to its confluence with the Mississippi at Grafton, IL (Cruikshank, 1998; Starrett, 
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1972). To assist with municipal sewage management in the rapidly-growing urban center, the 
river was artificially connected to Lake Michigan through the Chicago Sanitary and Ship Canal 
(CSSC) in the mid-1900s allowing urban effluents to flow downstream in the Illinois River 
(Starrett, 1972). This downstream movement of Chicago’s untreated municipal and industrial 
sewage continued for decades until the Clean Water Act of 1972 mandated more comprehensive 
treatment (Theiling, 1999). Despite the improvements to the river brought by the CWA recent 
research has detected several EDCs such as PAHs and pharmaceuticals in the headwaters. 
Detection of these compounds and reduction in biological integrity were connected to more 
urbanized areas, i.e. those with high population densities and impervious surfaces (Harris et al., 
2005). Despite subsequent improvements in overall sewage treatment, efficient EDC removal 
processes are still in development, allowing for steady increases in EDC concentrations and thus 
risk to organisms like fish over time (Mills et al., 2015; Peverly et al., 2015). 
I collected male and female fish from 10 sites along a 400-km upstream-downstream 
gradient in the Illinois River. These sites ranged across the Lower Des Plaines River and the 
Upper and Lower Illinois River basins based upon their distribution in either the Upper Illinois 
watershed or Lower Illinois watershed (Table 1.1.). One site was sampled for each of the Upper 
River navigational reaches, two sites in the Peoria and Alton reaches, and three sites in the La 
Grange reach (Figure 1.1). In addition, a reference site for common carp was located at the 
Emiquon Preserve, a disconnected backwater lake of the Illinois River in Havana, Illinois. 
Emiquon was chosen as a reference because it has been disconnected from the river for decades 
and the preserve was restored from agricultural use to a RAMSAR-quality wetland. The Preserve 
was separated from the river by the construction of 27-foot tall levees in the late 1930s (Havera 
et al., 2003). While common carp were accidentally introduced into the backwater at some point, 
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they have since sustained reproducing populations. I was not able to collect channel catfish 
because this species was stocked in low quantities and was only rarely captured after its 
introduction.  
Fish collection 
I obtained fish via electrofishing as well as fyke- and hoop-netting in main channel, side 
channel, and connected backwater habitats of the Illinois River. I collected common carp in April 
and May of 2015 before their spawning period. I caught channel catfish in June and July of 2015 
before the spawning period of this species. Upon capture, I euthanized each fish according to 
IACUC protocols (IACUC #14003) and placed it on wet ice in the field prior to lab processing. 
Once thawed, I recorded length in millimeters and weight in grams and performed dissection for 
gonad and liver analyses.  
Record flood of 2015 
In the late spring-summer of 2015, the Illinois River experienced prolonged record 
flooding, which precluded additional sampling of catfish and prohibited access to selected 
locations. Thus, I collected catfish in the Marseilles and Starved Rock sites of the Upper River, 
and one Peoria site and the three La Grange sites in the Lower River.   
Gonad and Histological Analyses 
Following dissection, I determined gender of the fishes by gross examination of gonads, 
and kept one lobe of each testis for histological processing. I weighed all gonads to the nearest 
gram and preserved them in 10% buffered formalin. Common carp testes were comparably large 
and required a sub-sampling technique that consists of each lobe being divided into anterior, 
middle, and posterior portions. From each lobe portion, I removed one random tissue sample 
approximately the size of a standard histological cassette. I recorded subsample weights, placed 
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the samples into the cassettes, and deposited the samples in 10% buffered formalin for further 
fixation. I preserved the entire anterior, middle, and posterior portions of male catfish testes in a 
similar manner, although their smaller size did not require subsampling (Dietrich & Krieger, 
2009; Viganò et al., 2001).  
All testes samples were processed by the University of Illinois’s histology lab in the 
Veterinary Medical Sciences department. The lab produced one slide containing one cross 
section per testes subsample (Appendix A). Slides were analyzed via compound microscopy 
using the 10x objective and other magnifications if necessary for verification. I noted intersex 
condition when a cross section of the male gonadal tissue presented an oocyte characteristic of 
female ovaries (Appendix B). For descriptive purposes, I utilized an index of severity described 
by Blazer et al. (2014), which ranks each cross section on a scale of 1 (a single oocyte) to 4 
(severe clustering of oocytes). 
Vitellogenin Analysis 
I obtained blood samples from randomly selected male and female carp from the Lower 
River (n=27, LG-H, Table 1.1), the Upper River (n=22, D-C, Table 1.1), as well as the reference 
site at Emiquon (n=20). I drew approximately 1 mL of blood from the caudal vein using BD 1-
mL syringes outfitted with BD 22-gauge needles and then dispensed blood into heparinized 
vacutainers (Figure 1.2). After careful inversion of the vacutainers, I transferred samples to 1.5-
mL microcentrifuge tubes and centrifuged them for separation of plasma at 1,000 x g for 15 
minutes (Goodbred et al., 1997). I pipetted plasma into new, labeled microcentrifuge tubes and 
stored on dry ice or in a freezer (-70°C) pending ensuing analyses. To quantify plasma VTG 
levels, I used the Biosense Laboratories Enzyme-Linked Immuno-Sorbent Assay (ELISA) 
detection kits containing purified carp VTG standard (Biosense Laboratories AS, n.d.). I used the 
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lowest possible dilution (1:20) for male samples to aid in detection, while using a 1:1,000 
dilution for females. Following the kit procedures, a spectrophotometer quantified the 
concentrations of VTG in the samples from the ELISA plates. The results from the 
spectrophotometer then generated a standard curve for VTG concentrations. 
Statistical Analysis 
I calculated summary statistics for total length (mm) and body weight (g), and gonad and 
liver weights (g) for each species (Appendices C and D). I analyzed differences in the proportion 
of intersex male carp and catfish among sites (i.e. prevalence) with Chi-square. Female VTG 
concentrations met normality assumptions after log-transformation and a one-way ANOVA 
could be used for comparison of concentrations among the collection locations. While normality 
was improved after log-transformation it was still not met and a non-parametric Kruskal-Wallis 
test was used to compare male log-transformed VTG concentrations across sites. Females 
typically exhibit high levels of VTG in the breeding season while males should only exhibit 
remarkably low concentrations, if any, unless the species is particularly sensitive to estrogenic 
exposures (Dang et al., 2011; Folmar et al., 1996). These gender-specific differences necessitated 
analyses be separated by gender in order to avoid skewing of pooled data. I reported any male 
concentrations of VTG that were below the detection limit as half the lowest detectable value of 
the assay results during statistical analyses. I also examined Pearson’s correlations between 
female log-VTG and other indices (length, weight, GSI, and LSI) in order to determine if there 
was any connection to body/organ condition and VTG levels. I performed all statistical tests 
using Program R (version 3.1.2, R Foundation for Statistical Computing; Vienna, Austria) with 
statistical significance set to α=0.05. 
1.3 RESULTS 
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Intersex 
Four percent of male carp from Illinois River sites (6 out of 124) had one or more oocytes 
in testicular tissue, whereas there were no intersex carp from Emiquon (n=21) (Figure 1.3). 
Consequently, differences in intersex occurrence in carp among all locations was not significant 
(χ2=6.94, p=0.73). I found four intersex specimens of carp in the Upper River pools of Dresden 
(n=2) and Starved Rock (n=2) and two intersex individuals in the Lower River at a Peoria site 
(n=1) and La Grange site (n=1). In contrast to carp, the occurrence of intersex in catfish differed 
among the 7 sites and was greatest at the Bath sites (χ2=20.99, p=0.002). Seven percent of male 
catfish displayed intersex (Figure 1.4), all of which were histologically categorized as non-severe 
according Blazer et al. (2014). I found one affected catfish at each the of Morris, Chillicothe, and 
Bath sites. Care should be taken in interpretation due to small sample sizes particularly in lower 
river sites (n <5) and subsequent low expected frequencies. 
Vitellogenin 
 Low levels of VTG induction were noted in male carp at the 3 locations. Several samples 
were below the level of detection. In the Upper River 39% of all fish were below detection 
(n=7); 11% in the Lower River location (n=2); and 14% at Emiquon (n=2) (Figures 1.5 and 1.6). 
Levels of VTG in males were in the <1-6.7 ug/mL range while the range for females was both 
higher and more variable at 141-1070 ug/mL. Male log-VTG was significantly higher in the 
Lower River than the Upper River (p=0.017), but I found no difference between males in the 
rivers and those from Emiquon. Females levels showed no difference among locations. Females 
also displayed no correlations between log-VTG and length (r=0.034), weight (r= -0.002), GSI 
(r= -0.124), and LSI (r= -0.094) while correlations among males were not explored due to low 
induction of VTG.  
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1.4 DISCUSSION 
Patterns of intersex in the Illinois River 
Despite previous findings of high rates of intersex condition in largemouth bass in 
relation to urbanization around the United States and the Illinois River (Fritts et al. 2016, Hinck 
et al., 2009; Jobling et al., 1998; Tetreault et al., 2011), rates of intersex in carp and catfish were 
not elevated near Chicago compared to downstream sites. Instead, proportion intersex did not 
appear to differ among these sites in carp but there was a difference in catfish. Moreover, despite 
other studies showing intersex in non-carp cyprinids near urban effluents (Jobling et al., 2002; 
Tyler & Jobling, 2008), I did not see a similar response in this cyprinid from Illinois River 
locations. Common carp have been reported to have similarly low rates of intersex in wild males; 
an expansive investigation of fourteen fish species in North American rivers found no intersex 
male carp and only one masculinized female (out of  an n of 774 and 789 respectively) (Hinck et 
al., 2009). In my study, one intersex male carp with highly clustered oocytes was identified from 
site in the lower river near a highly industrialized location with an urban population of 138,000+ 
people (U.S. Census Bureau 2010). Like other studies, I too found a lack of a statistically 
significant difference in intersex pattern, despite the presence of industrial and highly populated 
areas particularly at the headwaters (Blazer et al., 2014; Schultz et al., 2013). This suggests either 
the introduction of EDCs throughout the basin from other indirect sources or a lack of adequate 
exposure. 
In a 2014 pilot study, Fritts et al. (2016) reported that 41% of male largemouth bass (n = 
51) from the Upper Illinois River exhibited mild to severe rates of intersex, whereas a 
preliminary study of male carp found 12.5% containing testicular oocytes (2 out of 16) with only 
one specimen with severe clustering of oocytes. This would suggest that there are large 
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physiological differences in the response to EDCs between carp and bass from the same system. 
Divergences in physiology may be leading to differences between species in occurrence of EDC 
biomarkers under similar exposure, however, they also can face varying levels of exposure due 
to feeding and habitat preferences. For instance, Micropterus species appear to be particularly 
sensitive to endocrine disruption, which could be in part due to bioaccumulation through 
piscivory or contact with water-soluble EDCs such as hormones and some pesticides (Hinck et 
al., 2009; Yonkos et al., 2014). Furthermore, there may also be habitat or environmental 
attributes that influence the apparent species differences: Blazer et al. (2014) found correlations 
between agricultural land use and the occurrence and severity of intersex in smallmouth bass. 
Similarly, Kellock (2014) found intersex rates up to 82% in largemouth bass residing in lentic 
systems influenced by agricultural and municipal waste. The potential for EDCs to feminize 
undifferentiated Ictalurus punctatus has been demonstrated in controlled settings (Goudie et al. 
1983) which implies early life stages of this species are susceptible to endocrine disruption. My 
study is the second to demonstrate intersex in wild male catfish, with a similar rate of intersex 
males (7%) being reported in the Colorado River Basin (Hinck et al., 2009). 
Background prevalence of intersex, those that are expected naturally when individuals are 
not exposed to EDCs, are needed as a baseline for studies of response to environmental stressors. 
Prevalence of intersex as high as 55% in tilapia populations have been reported at non-impacted 
sites and has been determined in several species in reference locations across the globe 
(Bahamonde et al., 2013). In common carp populations intersex may naturally be as high as 5% 
occurrence (Komen et al., 1989) while “normal” rates of this phenomenon have not been 
established for channel catfish. Common carp and channel catfish specimens in this study 
displayed extremely low rates of intersex occurrence and severity despite the historically well-
12 
 
documented levels of EDC contamination (Mehler et al., 2010; Ross & Sparks, 1990; McIsaac, 
et al., 2016; Starrett, 1972). Common carp collected at the reference location at the Emiquon 
Preserve did not exhibit intersex which may suggest that any intersex riverine carp are 
undergoing endocrine disruption and not displaying background levels of this condition. Not 
enough long-term research has been conducted on intersex in wild populations of either species 
to determine the threshold of EDC exposure that would induce intersex condition. This makes it 
difficult to conclude that the lack of intersex implies a lack of exposure or a physiological 
intersex response. However, this also highlights the importance of also measuring precursors of 
EDC exposure that do not necessitate specimen sacrifice (e.g. VTG) in order to establish 
potential exposure and physiological repercussions. 
Gender-based responses of Vitellogenin 
Vitellogenin and liver size were measured in this study in order to assess the liver’s 
involvement in estrogen binding and VTG induction. Male fish should not be naturally 
exhibiting detectable levels of VTG unless they are exposed to EDCs (Ostrander, 2000). In a 
study by Folmar et al. (1996), male carp exposed to sewage and agricultural effluent in the 
Mississippi River expressed elevated VTG, even into the range observed in females (0-10,000 
ug/mL); this was compounded with depressed testosterone levels. Similar results were reported 
in other studies for carp following long-term exposure to sewage. Intersex male common carp 
contained higher mean concentrations of plasma and liver VTG than non-intersex males, as well 
as gonadal impairment (Solé et al., 2003). I found that male carp in the Illinois River system did 
not have levels of VTG within the range of females, even in highly urbanized/agricultural 
locations. While I did not find elevated levels of VTG in male intersex carp, liver size was larger 
for specimens caught at one site in the Upper River. An enlarged liver is another indicator of 
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EDC exposure, thus my results may indicate hepatic estrogenic activity that could eventually 
lead to vitellogenic activity (Jeffries et al., 2010; Solé et al., 2002). This suggestion should be 
approached with caution, however, because of the liver’s involvement in many processes other 
than VTG production (e.g. metabolism of contaminants) (Ostrander, 2000). Furthermore, 
variation in age, parasitism, nutrition, and other environmental factors between locations could 
also be affecting liver size (Rašković et al., 2015; van der Oost et al., 2003). Because of the lack 
of evidence for VTG induction in this study and simple gross examination of livers rather than 
measurements of liver activity, it is not possible to conclude that endocrine disruption (e.g. 
intersex) is a concern in Illinois River carp. 
This research also attempted to explore the potential for VTG measurement to diagnose 
endocrine disruption such as intersex that would not necessitate sacrificing fish. Of the total of 
individual males whose gonads were sampled (n=145), I drew blood from a subset of 18 males 
from each of the Channahon and Havana locations and 14 from the reference location to test for 
VTG. Only one carp from the Channahon location had detectable VTG levels and this individual 
was also diagnosed as intersex, thus there was no correlation between the two endpoints such 
that VTG was not predictive of intersex. Intersex and elevated vitellogenin in males have been 
proposed as related endpoints with potential correlation. If a male fish is influenced by EDCs 
that would result in estrogenic activity and subsequent VTG induction, there is the assumption 
that further feminization (i.e. intersex) will occur. Jobling et al. (1998) found a moderate 
correlation (r=0.404) between vitellogenin concentration and the intensity of intersex. However, 
in a meta-analysis comparing vitellogenin levels in intersex males and non-intersex male fishes 
within the same polluted locations, non-intersex males actually exhibited higher levels of 
vitellogenin (Bahamonde et al., 2013). I found no correlation with VTG induction and intersex 
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occurrence in Illinois River carp. Thus, measuring VTG was not useful as a precursor of intersex 
for common carp, but it has been determined to be one of the most sensitive and useful 
biomarkers when evaluating risks of EDCs (Dang et al., 2011).  
Conclusions and implications  
Common carp and channel catfish currently provide economic benefits to recreational 
and commercial fisheries and are essential for aquaculture (Balon, 1995; Lubinski et al., 1986; 
Wellborn, 1988). The ubiquitous distribution of the common carp suggests that this species could 
be a good model organism for the exploration of intersex and other biomarkers of endocrine 
disruption in other river ecosystems. The channel catfish is also a commercial species of 
historical significance in the Mississippi and Illinois River systems (Raibley & Jahn, 1991; 
Tucker & Hargreaves, 2004). Because of the substantial body of research performed in 
aquaculture and hatchery management practices, the reproductive development and physiology 
of catfish are sufficiently documented. Unfortunately, considerably less is known about the 
impairment of channel catfish reproduction due to EDC exposure in the wild. Reproductive 
impairment of wild populations of carp and catfish could result in economic and management 
issues, but the prevalence of these indicators of impairment has not been extensively 
investigated. Both of these established species are consistently in the fish consumption advisories 
for Illinois River waterbodies due to known contamination with PCBs that are persistent, 
hydrophobic EDCs known for intersex and reduced reproduction in other animals (Illinois 
Department of Public Health, 2016; Reeder et al., 2005; Restum et al., 1998). Although 
largemouth bass from the same Illinois River locations are displaying evidence of endocrine 
disruption (Fritts et al., 2016), this study suggests carp and catfish are not as impacted.  
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In terms of spatial pattern of intersex impairment, I saw little evidence of such in relation 
to urbanized locations, especially those concentrated at the headwaters. The lack of a clear 
pattern of occurrence of either intersex or vitellogenin levels may suggest: 1) there is a lack of 
exposure to EDCs at these locations, and 2) the ability of these species to metabolize EDCs may 
be greater than the more widely-studied species such as largemouth bass. Other species serving 
as environmental indicators of endocrine disruption (e.g. minnows and darters) should be 
explored in this system, not only because of their predetermined sensitivities to EDCs (Kidd et 
al., 2007; Tetreault et al., 2011), but their small gonad/organ sizes would facilitate a more 
comprehensive examination of histological parameters. Although the large-bodied carp and 
catfish did not exhibit significant evidence of endocrine disruption in the Illinois River, further 
studies should continue to research these species in other locations as well as the Illinois River to 
ensure reproductive health is maintained in established populations.
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1.5 TABLES AND FIGURES 
 
Table 1.1 Site information for fish collection in April-July 2015. River Kilometer Dist. = 
approximate distance in river kilometers from the confluence of the Des Plaines and Illinois 
Rivers. *Indicates sites in which VTG were analyzed in random carp. 
 
Site name 
 
City 
River 
KM 
River KM 
Dist. 
Navigational Pool 
Upper River          
D-C *  Channahon 446 0 Dresden 
M-M  Morris 420 26 Marseilles 
SR-O  Ottawa 375 71 Starved Rock 
Lower River      
P-C  Chillicothe 290 156 Peoria 
P-P  East Peoria 262 184 Peoria 
LG-L  Liverpool 204 242 La Grange 
LG-H *  Havana 192 254 La Grange 
LG-B  Bath 177 269 La Grange 
A-M  Meredosia 106 340 Alton 
A-H  Hardin 32 414 Alton 
Reference       
EMQ *  Havana 192 254 La Grange 
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Figure 1.1 Map of sampling sites along the Illinois River in the Upper and Lower River 
watersheds from May to July of 2015. 
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Figure 1.2 Map of sampling sites for vitellogenin (VTG) in common carp (Cyprinus carpio) 
along the Illinois River between April to May of 2015. 
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Figure 1.3 Intersex prevalence in male common carp (Cyprinus carpio) caught in the Illinois 
River April-May of 2015.  
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Figure 1.4 Intersex prevalence in male channel catfish (Ictalurus punctatus) caught in the 
Illinois River June-July of 2015. 
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.  
Figure 1.5 Blood concentrations of vitellogenin (VTG) for male carp (Cyprinus carpio) for each 
of the three locations of the Illinois River sampled in April-May of 2015. Sample medians are 
given as bars, the upper and lower edges of the box are the 75th and 25th percentiles, upper and 
lower whiskers are maximum and minimum values (excluding outliers), and the open circles 
represent outliers that are 1.5 times the values of the 75th and 25th percentiles. 
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Figure 1.6 Blood concentrations of vitellogenin (VTG) for female carp (Cyprinus carpio) for 
each of the three locations of the Illinois River sampled in April-May of 2015. Sample medians 
are given as bars, the upper and lower edges of the box are the 75th and 25th percentiles, upper 
and lower whiskers are maximum and minimum values (excluding outliers), and the open circles 
represent outliers that are 1.5 times the values of the 75th and 25th percentiles.
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CHAPTER 2: REPRODUCTIVE CONDITION OF COMMON CARP (CYPRINUS 
CARPIO) AND CHANNEL CATFISH (ICTALURUS PUNCTATUS) IN RELATION TO 
LANDSCAPE ATTRIBUTES AND POLLUTANT DISCHARGE IN A LARGE 
FLOODPLAIN RIVER 
2.1 INTRODUCTION 
Endocrine-disrupting chemicals (EDCs) are often found in aquatic environments and can 
be traced to sources such as industrial byproducts, agricultural applications, household products, 
pharmaceuticals, and endogenous hormones (Pait & Nelson, 2002; Peverly et al., 2015). 
Impairment of reproductive condition in individual fish has clearly been associated with such 
elevated levels of EDCs (King-Heiden et al., 2009). Unfortunately, few wastewater treatment 
plants (WWTPs) are effective at removing these chemicals which implies that they can act as 
important point sources of EDCs in the environment (Mills et al., 2015). However, 
environmental variables such as temperature and flow also play a crucial role in subsequent EDC 
concentrations in effluent, in addition to their transport downstream (Lee et. al., 2003). For 
example, spring months provide rain and surface runoff with higher river flows that either dilute 
dissolved EDCs or re-suspend adsorbed EDCs, thus influencing exposure in fish (Martinovic-
Weigelt et al., 2013). Furthermore there are seasonal considerations such as the high 
temperatures occurring in summer degrading common EDCs such as the natural hormone 
estradiol, while low temperatures can almost double the half-lives of such chemicals (Jurgens et 
al., 2002). Thus, abiotic conditions like combined high-flow, lower-temperature periods can 
highly modify exposure rates of reproductively-maturing fish located downstream of direct EDC 
sources (Devlin & Nagahama, 2002). These landscape and seasonal variables should be 
33 
 
considered when examining the potential influence of EDCs on the reproductive condition of 
fish. 
The most recent advances in our understanding of the pathways of EDCs into the aquatic 
environment suggest that WWTPs are not the only factors that influence their distribution. The 
impact of different attributes of land use such as amount of impervious surface, rate of 
urbanization, land management practices, or type of agriculture can also be important when 
explaining the distribution of EDCs in aquatic systems. For example, Coles et al. (2012) 
examined impacts along an urban-to-rural gradient on biotic response. They found that the 
concentration of a few common EDCs were positively correlated with current urban 
development and prior agricultural land cover. Peak toxicity levels were found at sites with at 
least 40% urban development and toxic pesticide concentrations were detected at 80% of sites 
with more than 25% urban land cover (Coles et al., 2012). Several of these landscape attributes 
can also be found in the Illinois River basin. Effluents from metropolitan Chicago’s major water 
reclamation plants located in the headwaters supply an annual average of 70% of the Chicago 
Area Waterway System (CAWs) flow (Metropolitan Water Reclamation District of Greater 
Chicago, 2008); 3/4 of the Illinois landscape is used for crop and livestock production (Illinois 
Department of Agriculture, 2014); and population densities in certain regions of the Illinois 
River basin have quadrupled in the past 150 years (Kelly et al., 2015). This system has recently 
shown to also have an elevated incidence of intersex in at least one species of fish collected at an 
upstream urbanized location (Fritts et al. 2016). The Illinois River both high densities of 
urbanization along headwaters and vast expanses of agricultural land use dominating its middle 
reaches, thus the system provides an opportunity to examine what role these land uses have in 
the reproductive condition in fish. 
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Connecting the distribution of EDCs in rivers to reproductive impairment in teleosts 
Chemical-induced endocrine disruption can contribute to lower reproductive success in a 
variety of ways. For example, in female fish decreases in egg production, a measure of fecundity, 
due to endocrine disruption have been shown in fathead minnow and zebrafish (Armstrong et al., 
2014; King-Heiden et al., 2012). Reduced fecundity including inhibited egg production, 
decreased yolk accumulation (i.e. size), lack of matured oocytes, and presence of atretic follicles 
may result from a range of hormone impairments by EDCs (Johnson et al., 1993; Lavado et al., 
2004; Thorpe et al., 2009; Ye et al., 2014). Many experiments involving species with short 
generation times, such as the zebrafish, have demonstrated variation in egg production following 
EDC exposure (Hill & Janz, 2003; King-Heiden et al., 2012; Nash et al., 2004). Zebrafish within 
the control groups of the Nash et al. study (2004) maintained normal egg production, egg 
viability, and reproductive success in exposure-free conditions. However, short-term exposures 
to sub-lethal concentrations decreased egg viability, limited further egg production and was 
responsible for ensuing reproductive failure in that group. Similar results have been reported for 
other species, such as the marine cunner and medaka fishes, as well as wild white suckers from 
contaminated lakes that were unable to reach standard egg production and egg viability rates 
(Kang et al., 2002; Mills et al., 2003). The timing of spawning and regulation of reproductive 
hormones in wild populations is contingent on a number of environmental precursors that would 
also contribute to EDC exposure: latitude, photoperiod, flow, depth, salinity, and temperature. It 
is beneficial to know how these parameters influence a population in order to determine life 
stages and reproductive stages that are more susceptible to EDC interference.  
Model organisms for this study 
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Common carp, Cyprinus carpio, were chosen for this study because they are ubiquitous 
in the Mississippi River and its tributaries, across North America, and most of the globe. They 
exhibit high fecundity and multiple spawning events in a season, and there is population-level 
evidence of long-term reproductive failure that corresponds to the period of expanding 
urbanization and agriculture in the basin (Gibson-Reinemer & Casper, 2016; Pflieger, 1997). 
Because of widespread distribution of this species, large numbers, and economic importance, any 
reduction of reproductive fitness could influence population dynamics and exploitation. The 
channel catfish, Ictalurus punctatus, is a demersal riverine species that is one of the most 
commonly eaten finfish species in the United States (Tucker & Hargreaves, 2004). Despite its 
recreational/commercial significance, the potential for reproductive impairment from EDC 
exposure in this family has not been extensively investigated. In contrast to carp, catfish spawn 
only once per year (Hubert, 1999; Stoeckel & Burr, 1999; Tucker & Hargreaves, 2004). Carp 
clutch sizes can range between 36,000 to over 2 million eggs, while catfish annually produce 
batches of 1,000-60,000 large (i.e. 3.0-3.5 mm in diameter) eggs (Hubert, 1999; Stoeckel & Burr, 
1999; Swee & McCrimmon, 1966). Catfish also display pre- and post-spawn investment through 
extensive migration for spawning habitat and nest guarding, respectively (Hubert, 1999).  
The Illinois River is a system renowned for its ecological contribution of biodiversity to 
the Mississippi watershed and for its anthropogenic modifications. The effects of EDCs on 
reproduction in these two species requires further investigation due to their position in 
aquaculture, their commercially and recreationally important roles, and their significance in the 
river ecosystem. I proposed to test whether the variation in reproductive attributes of carp and 
catfish are related to proportion of urban land use, pollutant discharge, or seasonal environmental 
variables.  Specifically, I evaluated reproductive condition based on a fecundity index, GSI, and 
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LSI to test the hypotheses that; 1) reproductive impairment will be higher in the vicinity of 
populous, urbanized areas with direct pollution sources, and 2) impairment will be higher in 
relation to pollution load (kg/yr) from WWTPs. 
2.2 MATERIALS AND METHODS 
Study Area 
The Illinois River is a principal tributary of the Mississippi River that originates 
approximately 80 kilometers south of downtown Chicago and extends >430 river kilometers to 
its confluence with the Mississippi at Grafton, IL (Cruikshank, 1998; Starrett, 1972). At its 
headwaters, the river was artificially connected to Lake Michigan through the Chicago Sanitary 
and Ship Canal (CSS) in the mid-1900s in order to divert this sewage from the rapidly-growing 
urban center of Chicago into the river (Starrett, 1972; Theiling, 1999). Agriculture accounts for 
nearly 90% of the Illinois River basin’s land use, with a small percentage of urbanization 
concentrated near Chicago and four other highly populated cities along the river (Delong, 2005).  
Fish collections 
I collected male and female common carp and channel catfish along an upstream-
downstream gradient, beginning in the Dresden navigational reach (River Kilometer 437-444), 
just below the Chicago Sanitary and Ship Canal. I selected ten sites for carp, including those 
located in the Upper Illinois and Lower Des Plaines Rivers and the Lower Illinois River (Table 
2.1). I only captured catfish in the Marseilles and Starved Rock reaches of the Upper River, as 
well as one Peoria and three La Grange reach sites in the Lower River (Figure 2.1). I obtained 
both species before their spawning periods via electrofishing or fyke- and hoop-netting in main 
channel, side channel, and backwater habitats. I collected common carp in April and May of 
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2015 and channel catfish in June and July of 2015 (Table 2.2). To ensure only reproductively 
mature individuals were included in the analyses, I only assessed carp and catfish ≥300 mm. I 
utilized IACUC protocol (IACUC #14003) for fish euthanization and placed specimens on wet 
ice prior to anatomical inspection. I allowed fish to thaw, then recorded length in millimeters and 
weight in grams. I then dissected fish for gonad and liver analyses. Upon closer examination, I 
excluded any gonads deemed immature or evacuated from analyses. I preserved gonads in a 10% 
buffered formalin for at least 24 hours prior to measurements. I also calculated the 
gonadosomatic index (GSI) and liver somatic index (LSI) as the proportion of organ weight 
relative to the total weight of the fish. GSI is a measure of growth allocated for reproduction, 
whereas LSI is used to assess the level of hormonal and metabolic activities. 
Fecundity Analysis 
Total fecundity was defined as total egg count estimated by a subsampling technique. I 
utilized relative fecundity to standardize the number of eggs to the body weight of the fish 
(eggs/g of fish) and also recorded mean diameter (mm) of eggs per individual fish (Table 2.3). I 
used 10% buffered formalin to fix female common carp and channel catfish gonads for 24 hours 
and rinsed them with water. I removed three subsamples from only one ovary lobe, each 
weighing approximately 0.5 grams and 1 gram each for carp and catfish, respectively. I placed 
each subsample in a small vessel containing 10 mL of deionized water and 5 drops of soap 
solution. This solution facilitated egg separation as the samples as I manually shook the samples 
(Holm & Kjesbu, 1994).  
Once I was able to sufficiently separate eggs from membranous material, they were 
transferred to a petri dish and scanned at 1200 dpi on a scanner. The images I obtained from 
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these scans allowed enumeration of eggs via ImageJ software (ImageJ 1.49v, National Institutes 
of Health; USA), as well as diameter and area of each egg counted (Klibansky & Juanes, 2008). 
The scale for the 1200 dpi images was set to 0.0472 pixels/micron and particles were filtered to 
an area ≥ 31416 µm2 and circularity between 0.5-1. I then converted images to an 8-bit format 
and assigned an appropriate threshold. I used the “Despeckle” tool to erase scratches and dust 
appearing in the image and the “Watershed” application to separate clumped oocytes. I manually 
erased any debris from the image that could not be removed via the thresholding function prior to 
analyzing the oocytes to prevent false inclusion. I then calculated a mean egg diameter for the 3-
subsample measurements. I estimated total fecundity by dividing each subsample egg count by 
its weight, multiplying by the total ovary weight, and finding the average total number of eggs 
from the 3 subsample extrapolations (Klibansky & Juanes, 2008). Lastly, I calculated relative by 
dividing the total estimated number of eggs by the total body weight (g) of the individual. 
Land Cover Land Use Analysis 
 I recorded river kilometer at each of the 10 sampling sites and used ArcMap 10.3 
software to determine the approximate distance in river kilometers from the headwater of the 
Illinois River at the confluence of the Kankakee and Des Plaines rivers. The site located in the 
Dresden reach was positioned in the Des Plaines River nearest the confluence and was set as a 
distance of 0 river kilometers. I then subtracted the river kilometer of each site from the river 
kilometer distance of the most upstream site. 
All Illinois and Wisconsin data layers were projected to the Universal Transversal 
Mercator (UTM) Zone 15N and Indiana was projected in UTM Zone 16N. Political boundary 
layers and geographic names were obtained from the Illinois Geospatial Data Clearinghouse 
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(Illinois State Geological Survey 2006). Eight-digit Hydrological Unit Code (HUC) watershed 
boundaries and river shapefiles were obtained from the National Hydrography Datasets (NHD) 
(U.S. Geological Survey 2015). 
Land cover of the tributary buffer zone of the tributary immediately upstream of each 
sampling site was determined from the 2011 National Land Cover Database raster data (Homer 
et al., 2015) (Figure 2.2). The raster was clipped to Illinois as well as Indiana and Wisconsin. 
The East Peoria and Chillicothe sites were both located immediately downstream of the 
Vermilion River and the Havana and Bath locations were located beneath the Spoon River. All 
other sites were associated with a unique tributary (Figure 2.3).  
Flow lines associated with each tributary were selected from the NHD that had been 
clipped to Illinois. Polygons encompassing water area for each tributary were drawn based upon 
flow line and land cover data. Backwater and stream habitats connected to each tributary were 
excluded from the analysis using editing tools in ArcMap. A buffer zone extending 125 meters 
from each side of the tributary was used to clip the land cover raster data rather than the entire 
catchment following methods by Lammert and Allan (1999) and Wang et al. (2001). 
Counts of raster cells within a buffer zone attributed to each land cover class were 
recorded for each tributary. Classes were aggregated into the following land use categories: 
urban, agricultural, forest/grassland, wetland, barren, and open water. The urban class accounted 
for all developed land categories, agriculture included both the pasture and crops categories, 
grassland and forest categories were pooled into one vegetation class, and all wetland categories 
were pooled into the wetland class. Very few cells were barren land, thus this and the open water 
categories were omitted from the analyses. The final land use variables for inclusion in 
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multimodel inference were calculated as: percent urban (%urban), agricultural (%ag), 
forest/grassland (%veg), and wetland (%wet) were calculated for each tributary buffer zone by 
the category’s cell count relative to the total cell count and multiplied by 100.  
NPDES and water-quality analyses 
Data containing the number of National Pollutant Discharge Elimination System 
(NPDES) sites within a 10-km buffer of sample sites as well as their corresponding pollution 
loads for the year of 2014 were determined with Toxic Release Inventory data managed by the 
Environmental Protection Agency (EPA 2015). A radius of 10 kilometers was chosen because 
reproductive impairment has been found in fish within 15 kilometers of wastewater outfalls 
(Jobling, et al., 2002). Only locations with current NPDES permits were included in the analysis. 
NPDES permits were selected based upon intersection with a buffer zone and placed into a table 
outlining NPDES facility name and total pollution load within each sampling site buffer. Total 
pollution loads for each site were calculated by the sum of the weights of each pollutant 
discharged from outfalls (kg/year) within the sampling buffer (Appendix E). 
Maximum air temperature (°C) nearest each site in the month prior to fish collection was 
determined with data provided by temperature gauges from the National Climatic Data Center 
(National Oceanic and Atmospheric Administration 2016). Due to a series of navigational locks 
and dams, stage height data (ft) was used as an indicator of flow (U.S. Department of the Army 
Corps of Engineers 2016). The increase in stage height for the month preceding fish collection 
was calculated as the minimum height recorded before the peak subtracted from the peak height 
(Appendix F).  
Modeling and Statistical Analysis 
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 To avoid pseudoreplication, sample means of GSI, LSI, and fecundity values were 
computed for each site. These means were used as indices of reproductive health and utilized as 
dependent variables. Due to the limited collection of carp liver weights, these were not included 
in further analyses. Landscape variables such as river kilometer distance, latitude, NPDES 
permits, and NPDES pollution load were screened using a correlation matrix; when two 
landscape variables were highly correlated with each other (r>0.5), I removed the less influential 
variable (DeBoer & Pope, 2016). Multiple linear regression models were developed to describe 
the importance of each landscape variable on reproductive health metrics independently. I used 
an information-theoretic approach to determine the ability of land use, location in the river, 
NPDES pollution, temperature, and stage height to explain variation in the reproductive indices 
(Burnham & Anderson, 2002). A global model of %urban, %ag, %veg, %wet, NPDES permits 
or pollution load, river kilometer distance or latitude, temperature, and stage height was created. 
Candidate model sets were selected from the complete model set using Akaike’s Information 
Criterion (Akaike, 1987) corrected for small sample size (AICc, Hurvich and Tsai 1989). The 
data set contained 10 samples for common carp and six samples for channel catfish, thus to avoid 
overparamterization, the model set development was limited to all combinations of up to 5 
landscape parameters for carp and 3 landscape parameters for catfish.  Models with a ΔAICc > 2 
were excluded from the candidate model set (sensu, Royall 1997) and I calculated R2 for each 
model in the candidate set to evaluate goodness of fit. I then added the Akaike model weights 
(wi) to determine the importance of the independent variables for all supported models 
containing the variable of interest. The predictor variables with the greatest wi contributed the 
most importance to the model relative to other variables (1=very important, 0=not important) 
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(Burnham & Anderson, 2002). All statistical analyses were conducted with Program R (version 
3.1.2, R Foundation for Statistical Computing; Vienna, Austria) with significance set to α=0.05.  
2.3 RESULTS 
Spatial variation in reproductive condition in common carp 
 Individual male GSI ranged from 1.5-13.2 percent (Table 2.4). Average GSI in male carp 
was lowest in the LG-L site and highest in the LG-H site, both located in the Lower Illinois 
River. Individual female carp GSI ranged from 5.2-34.3 percent, with the lowest average GSI 
being located at the P-C site in the northernmost area of the Lower Illinois River (Table 2.5). The 
highest average GSI was highest near the southern end of the Lower River at the A-M site, 
although only one carp was caught at this site. Total fecundity for individual fish ranged from 
78,100 to over 2 million eggs and relative fecundity was between 45-320 eggs per gram of body 
weight. Female carp in the P-P site carried the most eggs and also had the highest number of 
eggs per gram of body weight. The lowest average total fecundity and relative fecundity was 
found in carp from the P-C site just north of P-P. Carp from P-C also had the smallest eggs and 
A-M carp carried the largest eggs.   
Spatial variation in reproductive condition in channel catfish 
 Individual male GSI ranged from 0.1-1.1 percent (Table 2.6). The lowest average male 
catfish GSI, found in the only male specimen collected at site M-M, which was the northernmost 
end of the catfish collection range. Male catfish from site LG-H in the Lower River had the 
highest average GSI. Individual LSI ranged from 1.1-2.1 percent. Average LSI was lowest in the 
only specimen collected at site LG-B in the southernmost end of the catfish collection range. The 
highest average LSI was found in the one male catfish at site M-M. Individual female GSI 
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ranged from 3.4-19.1, with the lowest average GSI located at site LG-L and highest in the 
southernmost range of catfish collection in site LG-B (Table 2.7). Total fecundity ranged from 
5,830-32,945 eggs. The one female collected at site LG-B also carried the most eggs, while 
catfish at the Upper River SR-O site had the fewest eggs on average. Relative fecundity was 
consistent among all sites, averaging between 10-11 eggs per gram of body weight and 
individually ranged from 6-14 eggs per gram of body weight. Catfish from the LG-H site had the 
smallest eggs, while the one LG-B female carried the largest eggs. Individual female LSI ranged 
from 1.0-2.9 percent, with the LG-B and P-C females having on average the smallest livers in 
proportion to body weight and M-M females in the northernmost area of the range having the 
largest.  
AICc 
Because of the expected gender-based differences in gonad size and weight, the AIC 
results of the two genders are reported separately. The candidate model set for common carp 
included two models with a ΔAICc <2 (Table 2.8) and with a mean R2 of 0.93. Temperature, 
%Urban, and %Wet all had negative effects on male common carp GSI. Temperature and 
%Urban each had a relative importance of 1 and %Wet had a relative importance of 0.59. No 
models that included the other landscape variables had a ΔAICc <2. 
The candidate model sets for both male and female channel catfish contained only the 
null model (Tables 2.9 and 2.10) and no other models had a ΔAICc <2, meaning that land use, 
river kilometer/latitude, NPDES facilities, temperature, or stage height did not account for the 
variation in catfish health or reproduction. 
2.4 DISCUSSION 
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My goal was to determine if reproductive condition would be higher near urbanized 
areas, in locations with many NPDES sources, or higher in relation to pollution load (kg/yr) from 
those point sources. Male common carp GSI was negatively influenced by temperature and 
upstream urbanization, though other measures of reproduction did not seem to be similarly 
effected such that reproductive failure would not currently be a concern given the point-source 
pollution sources upstream. I found that neither species appeared to show a reduction in 
reproductive output or liver condition in response to land use land cover, NPDES permits, 
seasonal climate (i.e. temperature), or distance from the metropolitan Chicago area. While this 
seems to suggest no link between these landscape attributes and reproduction, an alternative 
supported by previous studies is the potential for maternal transfer of endocrine disruption and 
the development of resilience within a species (Nash et al., 2004; Schultz et al., 2013). If the two 
species chosen happen to be more resilient to EDC exposure, then examination of other species 
as indicators of landscape-level attributes may need to be explored. Despite the lack of obvious 
spatial variation in reproductive condition, managers benefit from knowing if population 
variability is connected to landscape factors such as land use, hydrology, and local wastewater 
discharges. These two species did not display much evidence of endocrine disruption or EDC 
exposure. 
Reproductive impairment from EDC exposure is often thought to originate from 
industrial or municipal effluents and urbanization, but an array of pesticides and herbicides from 
agricultural runoff can also be linked to endocrine disruption (Mandiki et al., 2013; Velisek et 
al., 2011; Yonkos et al., 2014). In the Illinois River system, the assumption is often made that the 
primary source of EDC exposure will be from the urbanized effluents in the Chicago Area 
Waterway System (CAWS), and therefore downstream reaches will decrease in risk severity. 
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However, introduction of non-point source pollution from either urban sources or agricultural 
pesticides (e.g. atrazine and DDT) and livestock waste could mask the expected urban-rural 
response pattern (Campbell et al., 2006; Evans et al., 2012; Kolpin et al., 2002). Such 
introductions of agricultural pollutants have been shown to be additional sources of estrogenic 
activity (Jeffries et al., 2010). A long-term study conducted in the agriculturally-influenced Des 
Moines and Middle Illinois Rivers determined that while influx of nitrate from wastewater point 
sources increased during low flow periods, nitrate via non-point sources  near confined animal 
facilities (CAFOs) became influential during periods of heavy rains combined with high river 
flow (Kelly et. al. 2015). Landscape variables such as the input of agriculture-associated EDCs 
and transport of these chemicals in the Lower Illinois River may have masked any downstream 
gradient for many of the response variables.  
Exposure to either urban or agricultural EDCs can result in several reproductive 
consequences, all of which may contribute to potential reproductive failure. Investigation of 
reproductive impairment has produced several endpoints that measure the intensity of endocrine 
disruption in both males and females, such as GSI and LSI. Male carp GSI was the only response 
variable that was impacted by the environmental and landscape variables I measured. Male carp 
collected below more urbanized tributaries and at higher temperatures displayed lower gonadal 
indices. Though measures of GSI can be highly variable and are not inherently correlated with 
EDC exposure alone, other studies suggest appreciably low fish GSI values found at 
urbanized/industrial sites indicate impaired gametogenesis and maturation (Lavado et al., 2004). 
Male carp exposed to varying levels of the EDC Bisphenol-A (BPA) had significantly depressed 
GSI in addition to gonadal dysfunction (Al-sakran et al., 2016) and testes in wild carp from 
rivers contaminated with estrogenic effluents were significantly smaller and less mature than in 
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control fish (Hassanin et al., 2002). Analyses on U.K. wild roach, another cyprinid species, 
showed higher GSI values at reference sites free of known contaminants. Despite showing 
symptoms of intersex condition, these fish still had higher GSI, which may indicate the ability to 
utilize sufficient energy stores for reproduction in an environment relatively free of EDCs 
(Jobling et al., 1998). Temperature is also a crucial parameter when considering gonad growth 
and spawning period; there are thermal optima for the precursory period for gamete 
development, release of gametes, and the gonadal regression stage. Gonadal regression occurs 
when an environmental cue such as an increase in temperature past the ideal thermal range, 
which then may reduce hormonal secretion by endocrine glands (Lam, 1983). This subsequently 
inhibits further gonadosomatic growth, which may explain the negative relationship between 
male GSI and temperature in Illinois River carp. There were no other apparent patterns in 
fecundity associated with these landscape indices, quite possibly due to this transition of 
upstream urbanization to downstream agricultural practices or lack of exposure to elicit 
endocrine responses.  
 Channel catfish and common carp are integral components of the fish assemblage of the 
Illinois River and many Midwestern river systems. Although only male carp GSI was influenced 
by the landscape variables, a comprehensive assessment of reproductive health is lacking in this 
system. Female carp displayed a fecundity range similar to Australian and Canadian common 
carp (Sivakumaran et al., 2003; Swee & McCrimmon, 1966). Mean egg diameter was also within 
a normal size range for mature ova (Smith & Walker, 2004). Growth and fecundity estimates of 
channel catfish were similar to comparably-sized catfish reported during commercial harvests in 
the Upper Mississippi River system (Raibley & Jahn, 1991). Establishing the ranges of these 
47 
 
reproductive parameters in Illinois River fish populations over time can assist with making 
inferences in long-term monitoring efforts. 
Conclusions and implications 
Despite their different reproductive and life history traits, common carp and channel 
catfish compose a suite of economically and recreationally important species for Federal and 
State resources management (U.S. Department of the Army, Rock Island District, Corps of 
Engineers, 2007). Thus, understanding the spatial factors contributing to population-level 
reproductive success has societal importance. I did not find sufficient evidence of intersex in 
either species and no other variation in reproduction condition was attributed to land use, 
NPDES, latitude, temperature, or stage height. Because neither species exhibited reduced 
reproduction condition in response to anthropogenic landscape, this suggests: 1) a different suite 
of related variables, one not included in this study design, may be more influential (e.g. ratio of 
NPDES discharge rate to river flow rate), 2) less obvious attributes such as the highest sustained 
water temperature in the months leading to reproduction are more explanatory, or 3) a lack of 
enough EDC exposure to induce a reproductive response. Next steps in an on-going research 
program would be to explore these variables or possibly include more sites in order to increase 
statistical power. However, the study did show an established gradient of urbanization to 
agriculture, a confounding factor that could have explained the lack of candidate models in the 
results of the AIC modeling. 
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2.5 TABLES AND FIGURES 
Table 2.1 Fish collection site information. River Kilometer Dist. = approximate distance in river 
kilometers from the confluence of the Des Plaines and Illinois Rivers.  
 
Site City River KM River KM Dist.  Navigational Pool 
Upper River     
D-C Channahon 446 0 Dresden 
M-M Morris 420 26 Marseilles 
SR-O Ottawa 375 71 Starved Rock 
Lower River     
P-C Chillicothe 290 156 Peoria 
P-P East Peoria 262 184 Peoria 
LG-L Liverpool 204 242 La Grange 
LG-H Havana 192 254 La Grange 
LG-B Bath 177 269 La Grange 
A-M Meredosia 106 340 Alton 
A-H Hardin 32 414 Alton 
. 
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Table 2.2 Sample sizes of male and female fish caught in the Upper and Lower Illinois River 
sites in April-July 2015.  
 
Site Sex 
Common carp     
n 
Channel catfish      
n 
Upper River    
D-C F 16 - 
 M 30 - 
M-M F 4 4 
 M 4 1 
SR-O F 22 13 
 M 17 18 
Lower River    
P-C F 6 34 
 M 2 14 
P-P F 15 - 
 M 14 - 
LG-L F 5 3 
 M 7 4 
LG-H F 3 6 
 M 8 3 
LG-B F 4 1 
 M 12 1 
A-M F 1 - 
 M 13 - 
A-H F 11 - 
 M 20 - 
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Table 2.3. Variables included in Akaike’s Information Criterion correct for small sample size 
(AICc) analysis of carp (Cyprinus carpio) and catfish (Ictalurus punctatus) reproduction. 
 
Independent Variables Dependent Variables 
Latitude/River kilometer distance from confluence of 
Illinois and Des Plaines Rivers 
Male/Female Gonad Weight 
% Urban, vegetation, agriculture, and wetland land use  Male/Female gonadosomatic 
index (GSI) (%) 
Number of NPDES permits/ Total NPDES pollution 
load (kg/yr) 
Male/Female Liver Weight 
(Catfish only) 
 Male/Female liver somatic index  
(LSI) (%) (Catfish only) 
Maximum temperature (◦C) Total Fecundity (# eggs) 
∆ Stage Height (ft) Relative Fecundity (# eggs/g 
body weight) 
 Mean Egg Diameter 
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Table 2.4 Male common carp (Cyprinus carpio) dependent variables summarized as the mean of 
each metric by site. Data are given as mean±S.E. and (min-max).  
 
Site ♂ Length (mm) ♂ Weight (g) ♂ Gonad Weight  
(g) 
♂ GSI  
(%) 
D-C 
501±10 
(425-624) 
1989±112 
(1110-3818) 
164±12 
(82-366) 
8.1±0.2 
(6.3-10.1) 
M-M 
625±26 
(577-692) 
3480±369 
(2721-4355) 
323±34 
(242-409) 
9.4±0.7 
(7.5-10.8) 
SR-O 
561±10 
(490-659) 
2510±111 
(1804-3438) 
199±9 
(119-262) 
8.1±0.4 
(5.5-11.4) 
P-C 
455±73 
(382-528) 
1240±760 
(480-2000) 
101±61 
(39-162) 
8.2±0.1 
(8.1-8.2) 
P-P 
500±21 
(317-594) 
1931±194 
(635-3195) 
194±26 
(9-367) 
9.5±0.8 
(1.5-12.9) 
LG-L 
507±14 
(461-568) 
1852±188 
(1304-2670) 
137±16 
(89-216) 
7.5±0.7 
(5.8-11.1) 
LG-H 
511±21 
(462-581) 
1800±196 
(1370-2345) 
209±27 
(144-273) 
11.5±0.4 
(10.5-12.8) 
LG-B 
496±16 
(401-605) 
1700±169 
(1030-3070) 
194±22 
(104-355) 
11.3±0.3 
(9.1-13.2) 
A-M 
477±17 
(319-565) 
1435±124 
(397-2075) 
121±13 
(16-196) 
8.1±0.5 
(4.0-11.2) 
A-H 
512±12 
(360-618) 
1936±139 
(645-3515) 
168±15 
(45-298) 
8.6±0.4 
(3.9-12.1) 
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Table 2.5 Female common carp (Cyprinus carpio) dependent variables summarized as the mean of each metric by site. Data are given 
as mean±S.E. and (min-max).  
 
Site ♀ Length  
(mm) 
♀ Weight  
(g) 
♀ Gonad 
Weight  
(g) 
♀ GSI  
(%) 
Total Fecundity 
(#eggs) 
Relative 
Fecundity 
(eggs/g) 
Mean Egg 
Diameter  
(um) 
D-C 
528±18 
(418-670) 
2621±256 
(1439-4610) 
558±69 
(207-1108) 
20.6±1.2 
(14.2-31.2) 
486416±48993 
(223719-969526) 
187±6 
(134-229) 
1247 
M-M 
620±26 
(571-680) 
4240±555 
(2988-5350) 
1035±110 
(795-1248) 
24.7±0.9 
(22.3-26.6) 
734403±193587 
(221399-1140596) 
169±40 
(74-241) 
1294 
SR-O 
588±14 
(410-682) 
3311±239 
(1195-5530) 
673±86 
(61-1711) 
19.6±0.4 
(5.5-11.4) 
595278±64601 
(107104-1289741) 
175±14 
(45-304) 
1192 
P-C 
501±58 
(365-765) 
2508±1205 
(770-8460) 
533±438 
(40-2723) 
11.5±4.2 
(5.2-32.2) 
442660±334520 
(78100-2114718) 
118±29 
(51-250) 
942 
P-P 
573±23 
(384-688) 
3272±359 
(875-5865) 
870±118 
(92-1678) 
25.6±1.4 
(10.5-34.3) 
858159±114303 
(149563-1713299) 
255±13 
(171-320) 
1234 
LG-L 
585±25 
(523-658) 
3035±411 
(2044-4234) 
365±129 
(166-863) 
11.9±3.9 
(7.3-27.5) 
459668±70490 
(272868-637599) 
153±15 
(107-189) 
1030 
LG-H 
502±15 
(473-521) 
2028±264 
(1520-2405) 
547±109 
(329-667) 
26.4±2.7 
(21.6-30.9) 
454471±88746 
(290567-595406) 
222±27 
(191-276) 
1334 
LG-B 
524±35 
(472-626) 
2217±402 
(1626-3370) 
580±103 
(375-865) 
26.4±2.2 
(21.9-32.4) 
506678±109750) 
(308405-820177) 
228±23 
(180-284) 
1304 
A-M 
540 
(540) 
2555 
(2555) 
678 
(678) 
26.5 
(26.5) 
551205 
(551205) 
216 
(216) 
1391 
A-H 
567±24 
(470-712) 
2993±421 
(1595-5920) 
710±101 
(365-1530) 
24±0.4 
(16.3-27.9) 
575095±100178 
(301133-1443703) 
189±9 
(138-244) 
1363 
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Table 2.6 Male channel catfish (Ictalurus punctatus) dependent variables summarized as the mean of each metric by site. Data are 
given as mean±S.E. and (min-max).  
 
Site ♂ Length (mm) ♂ Weight (g) ♂ Gonad Weight  
(g) 
♂ Liver weight  
(g) 
♂ GSI  
(%) 
♂ LSI  
(%) 
M-M 328 
(328) 
691 
(691) 
0.3 
(0.3) 
14.8 
(14.8) 
0.1 
(0.1) 
2.1 
(2.1) 
SR-O 470±13 
(395-571) 
1159±112 
(590-2490) 
6.6±0.8 
(0.8-13.9) 
19.3±1.8 
(8.5-33.4) 
0.6±0.1 
(0.1-1.1) 
1.7±0.1 
(1.2-2.4) 
P-C 507±17 
(385-585) 
1501±150 
(582-2458) 
8.9±0.9 
(4.2-16.2) 
19.9±2.1 
(7.9-38.0) 
0.6±0.04 
(0.34-0.85) 
1.3±0.1 
(1.1-1.7) 
LG-L 504±37 
(395-556) 
1583±335 
(660-2091) 
7.1±2.5 
(1.0-12.6) 
35.5±12.3 
(9.7-60.7) 
0.52±0.2 
(0.1-0.8) 
2.0±0.4 
(1.3-2.9) 
LG-H 532±35 
(485-600) 
1804±414 
(1227-2606) 
12.0±2.1 
(9.5-16.1) 
25.4±2.0 
(23.1-29.4) 
0.7±0.1 
(0.6-0.8) 
1.5±0.2 
(1.1-1.9) 
LG-B 550 
(550) 
1973 
(1973) 
2.4 
(2.4) 
25.1 
(25.1) 
0.33 
(0.33) 
1.3 
(1.3) 
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Table 2.7 Female channel catfish (Ictalurus punctatus) dependent variables summarized as the mean of each metric by site. Data are 
given as mean±S.E. and (min-max).  
Site ♀ Length 
(mm) 
♀ Weight  
(g) 
♀ 
Gonad 
Weight 
(g) 
♀ Liver 
Weight  
(g) 
♀ GSI  
(%) 
♀ LSI  
(%) 
Total 
Fecundity 
(#eggs) 
Relative 
Fecundity 
(eggs/g) 
Mean Egg 
Diameter 
(um) 
M-M 
444±28 
(383-512) 
1194±185 
(838-1715) 
149±22 
(88-191) 
23.5±4.0 
(16.8-34.6) 
13.2±2.6 
(7.8-17.7) 
2.0±0.1 
(1.7-2.1) 
13102±3503 
(7774-23075) 
10±1 
(8-13) 
3021 
SR-O 
452±22 
(345-605) 
1233±199 
(451-2652) 
131±26 
(38-385) 
21.2±3.4 
(5.6-47) 
11.1±1.1 
(3.4-16.2) 
1.8±0.1 
(1.2-2.7) 
12215±1967 
(5830-32570) 
10±1 
(7-13) 
2822 
P-C 
507±10 
(395-639) 
1692±111 
(760-3441) 
228±18 
(62-478) 
23.1±2.0 
(8.7-54.4) 
13.9±0.7 
(3.7-19.1) 
1.3±0.1 
(1.0-2.0) 
18571±1029 
(8247-32945) 
11±0.4 
(6-17) 
2718 
LG-L 
545±18 
(525-580) 
1975±159 
(1706-2256) 
205±72 
(84-333) 
38.4±9.7 
(25.5-57.4) 
9.9±2.8 
(4.9-14.8) 
1.9±0.5 
(1.4-2.9) 
18349±1584 
(16379-21483) 
10±2 
(7-13) 
2556 
LG-H 
480±24 
(370-535) 
1362±197 
(488-1686) 
152±33 
(25-237) 
21.3±2.6 
(11.4-27.2) 
10.7±1.8 
(5.1-15.4) 
1.7±0.1 
(1.3-2.3) 
14473±1848 
(6848-19666) 
11±1 
(8-14) 
2449 
LG-B 
525 
(525) 
1904 
(1904) 
290 
(290) 
24.2 
(24.2) 
15.3 
(15.3) 
1.3 
(1.3) 
18723 
(18723) 
10 
(10) 
3144 
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Table 2.8 Competing landscape models for reproductive and health metrics of common carp 
(Cyprinus carpio). Log(L) = likelihood of model, R2: coefficient of determination, AICc = 
Akaike’s Information Criterion corrected for small sample size, ΔAICc : AICi – minimum AICi. 
(-) = negative relationship with metric. Null model includes only the intercept as an explanatory 
variable.  
 
Species and Metric Parameters R2 log(L) ∆AICc Weight 
Common carp       
 (-)Temp 0.4614 -51.754 0.00 0.333 
 Null 0.0000 -54.848 1.90 0.129 
Male Gonad Weight (-)%Veg 0.2932 -53.112 2.72 0.086 
 (-)Temp+(-)%Veg  0.5500 -50.855 4.20 0.041 
  Stg Ht 0.1724 -53.901 4.29 0.039 
 (-)Temp+(-)%Urban+(-)%Wet 0.9464 -0.258 0.00 0.424 
 (-)Temp+(-)%Urban 0.9066 -5.107 0.70 0.299 
Male GSI (-)Temp+%Ag 0.8883 -5.998 2.48 0.123 
 (-)Temp+(-)%Urban+%Veg 0.9482 -2.162 3.81 0.063 
  (-)Temp+(-)%Urban+%Ag 0.9318 -3.530 6.54 0.016 
 Null 0.0000 -66.060 0.00 0.368 
 %Wet 0.1189 -65.427 3.02 0.081 
Female Gonad Weight Stg Ht 0.0909 -65.583 3.33 0.070 
 (-)Temp 0.0866 -65.607 3.38 0.068 
  NPDES# 0.0644 -65.727 3.62 0.060 
 (-)Lat+(-)Temp 0.6835 -25.483 0.00 0.347 
 Null 0.0000 -31.235 1.22 0.189 
Female GSI (-)Temp 0.2432 -29.842 2.72 0.089 
 (-)Lat 0.0915 -30.756 4.55 0.036 
  Stg Ht 0.0791 -30.824 4.68 0.033 
 Null 0.0000 -131.782 0.00 0.389 
 NPDES# 0.1768 -130.810 2.34 0.121 
Fecundity (-)Temp 0.0457 -131.548 3.82 0.058 
 (-)RKM Dist 0.0424 -131.566 3.85 0.057 
  Stg Ht 0.0365 -131.596 3.91 0.055 
 Null 0.0000 -50.615 0.00 0.293 
 (-)Lat+(-)Temp 0.5776 -46.306 1.67 0.127 
Relative Fecundity (-)Temp 0.1814 -49.614 2.28 0.093 
 (-)Lat 0.0956 -50.112 3.28 0.057 
  (-)%Urban 0.0590 -50.311 3.68 0.047 
 Null 0.0000 -63.413 0.00 0.185 
 (-)Lat+(-)Temp 0.6265 -58.490 0.44 0.149 
Egg Diameter (-)Lat+(-)Temp+%Wet 0.8410 -54.219 0.90 0.118 
 (-)Lat+(-)Temp+(-)%Ag 0.8401 -54.248 0.96 0.115 
  (-)Lat 0.1737 -62.459 2.38 0.056 
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Table 2.9 Competing landscape models for reproductive and health metrics of channel catfish 
(Ictalurus punctatus). Log(L) = likelihood of model, R2: coefficient of determination, AICc = 
Akaike’s Information Criterion corrected for small sample size, ΔAICc : AICi – minimum AICi. 
(-) = negative relationship with metric. Null model includes only the intercept as an explanatory 
variable.  
 
Species and Metric Parameters R2 log(L) ∆AICc Weight 
Channel catfish       
  Null 0.0000 -16.675 0.00 0.868 
  (-)%Wet 0.4697 -14.773 6.19 0.039 
Male Gonad Weight %Veg 0.4471 -14.898 6.44 0.035 
  (-)Temp 0.2506 -15.810 8.27 0.014 
  (-)Stg Ht 0.2346 -15.873 8.40 0.013 
  Null 0.0000 0.621 0.00 0.835 
  (-)%Wet 0.7640 4.952 1.34 0.065 
Male GSI (-)%Veg 0.6703 3.950 3.34 0.036 
  (-)Stg Ht 0.5581 3.071 5.10 0.023 
  (-)Temp 0.4622 2.482 6.28 0.022 
  Null 0.0000 -19.777 0.00 0.815 
  RKM Dist 0.6199 -16.876 4.20 0.100 
Male Liver Weight %Ag 0.4170 -18.158 6.76 0.028 
  (-)NPDES# 0.3038 -18.691 7.83 0.016 
  (-)%Urban 0.2321 -18.985 8.42 0.012 
  Null 0.0000 -1.885 0.00 0.813 
  Temp 0.5220 0.329 5.57 0.050 
Male LSI (-)%Veg 0.4903 -0.136 5.96 0.041 
  %Wet 0.4862 -0.112 6.00 0.040 
  %Stg Ht 0.3099 -0.773 7.77 0.017 
  Null 0.0000 -32.572 0.00 0.853 
  (-)NPDES# 0.5324 -30.292 5.44 0.056 
Female Gonad Weight RKM Dist 0.3746 -31.164 7.18 0.023 
  %Ag 0.3408 -31.322 7.50 0.020 
  (-)%Urban 0.3201 -31.415 7.69 0.018 
  Null 0.0000 -12.407 0.00 0.914 
  (-)NPDES Load 0.4685 -10.510 6.21 0.041 
Female GSI (-)%Urban 0.0396 -12.286 9.76 0.007 
  %Wet 0.0113 -12.373 9.93 0.006 
  Stg Ht 0.0107 -12.374 9.94 0.006 
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Table 2.10 Competing landscape models for reproductive and health metrics of channel catfish 
(Ictalurus punctatus). Log(L) = likelihood of model, R2: coefficient of determination, AICc = 
Akaike’s Information Criterion corrected for small sample size, ΔAICc : AICi – minimum AICi. 
(-) = negative relationship with metric. Null model includes only the intercept as an explanatory 
variable.  
 
Species and Metric Parameters R2 log(L) ∆AICc Weight 
Channel catfish       
  Null 0.0000 -55.974 0.00 0.761 
  (-)NPDES# 0.6438 -52.878 3.81 0.113 
Fecundity RKM Dist 0.4827 -53.997 6.05 0.037 
  %Ag 0.4301 -54.288 6.63 0.028 
  (-)%Urban 0.4286 -54.295 6.64 0.027 
  Null 0.0000 -4.564 0.00 0.918 
  (-)NPDES Load 0.3634 -3.209 7.29 0.024 
Relative Fecundity %Veg 0.2386 -3.746 8.36 0.014 
  (-)%Wet 0.1215 -4.175 9.22 0.009 
  (-)Temp 0.0622 -4.371 9.61 0.007 
  Null 0.0000 -41.484 0.00 0.935 
  %Wet 0.1580 -40.968 8.97 0.011 
Egg Diameter (-)%Veg 0.1464 -41.010 9.05 0.010 
  (-)RKM Dist 0.1126 -41.126 9.28 0.009 
  (-)NPDES Load 0.0623 -41.291 9.61 0.008 
  Null 0.0000 -19.232 0.00 0.930 
  NPDES Load 0.2373 -18.419 8.37 0.014 
Female Liver Weight (-)Lat 0.1281 -18.821 9.18 0.009 
 (-)%Urban 0.1261 -18.828 9.19 0.009 
  Temp 0.1180 -19.855 9.25 0.009 
 Null 0.0000 -0.788 0.00 0.881 
 (-)%Veg 0.3817 0.654 7.12 0.025 
Female LSI NPDES Load 0.3666 0.582 7.26 0.023 
  %Wet 0.3009 0.286 7.85 0.017 
  Temp 0.2503 -0.076 8.27 0.014 
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Figure 2.1 Map of sampling sites in the Upper Illinois and Lower Illinois River watersheds in 
April-July of 2015.
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Figure 2.2 The Illinois River primary tributaries located immediately upstream of sampling sites, 
utilized for land cover analyses. Colors of sampling sites (circles) correspond to colors of 
primary tributaries (lines). 
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Figure 2.3 (A-D) Representation of land cover methods applied to each upstream primary 
tributary. (A) National Hydrography Dataset (NHD) tributary area file. (B) 250-meter buffer is 
applied. (C) Land use is categorized into the four land cover categories. (D) The buffer polygon 
is intersected with the land cover raster and a cell count is taken for each land cover category.
(A) (B) 
(C) (D) 
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CHAPTER 3: SPATIAL VARIATION IN FECUNDITY, GSI, AND LSI OF CHANNEL 
CATFISH (ICTALURUS PUNCTATUS) AND COMMON CARP (CYPRINUS CARPIO) 
ACROSS THE 300 KM URBAN-AGRICULTURE GRADIENT OF THE ILLINOIS 
RIVER 
3.1 INTRODUCTION 
Prior to colonization by the Europeans and subsequent industrialization, the Illinois River 
was admired as a highly productive and diverse floodplain system by observers as early as the 
1600s (Theiling, 1999). However, by the first half of the 20th century, the addition of millions of 
gallons of sewage from Chicago each year rapidly led to the extirpation of a variety of once 
abundant species including fingernail clams, numerous aquatic plants, and 20 species of fish and 
even led to reduction in the condition of the highly pollution-tolerant common carp (Starrett, 
1972; Theiling, 1999). Policies like the Clean Water Act of 1972 led to multi-billion-dollar 
investments in wastewater treatment beginning in the late 1980s. The improved treatment of raw 
sewage has led to corresponding improvements in water quality and subsequently an increase in 
both aquatic species richness and fish abundance (McClelland et al., 2012; Theiling, 1999). 
Despite the improvement, the ability to reduce or remove many endocrine-disrupting chemicals 
(EDCs) from wastewater is still limited (Mills et al., 2015). The potential for population-level 
responses to chronic EDC exposure in species of commercial or recreational importance are a 
growing concern (Kidd et al., 2007). The assessment of the potential for EDC-induced 
reproductive impairment of important fish species will provide a better understand of the health 
status of their populations. 
Common carp constituted a major portion of commercial catches in the Illinois River 
prior to the construction of the Chicago Sanitary and Ship Canal (CSSC) with annual harvests of 
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over 15 million pounds of carp per year (Alvord & Burdick, 1915; Starrett, 1972). Recent trends 
show a reduction in common carp numbers, suggest declining recruitment, and an aging 
population since the 1950’s (Figures 3.1, Fritts et al., 2014; Gibson-Reinemer et al., 2016). 
Although catfish populations do not appear to have experienced such a decrease in abundance 
and recruitment, they do show noticeable changes in size structure, particularly in the Upper 
Illinois River (Figure 3.2, Carline et al., 1984). The size structure in the Lower Illinois River is 
different because it has higher numbers of both young and mature catfish stages and higher 
abundance overall than in upstream reaches (Fritts et al., 2014). Due to the consistently low 
number of smaller, younger classes for both species throughout the upper and lower reaches of 
the river, there is speculation that some unknown factors, including potential EDC exposure, are 
adversely affecting reproduction and recruitment. 
Reproductive impairment in fish can be a result of exposure to EDCs, which inhibit the 
normal gonadal functioning. This type of impairment is not always evident from measures of 
population growth and dynamics, but negative impacts of chronic EDC exposure have been 
demonstrated at the population level (Kidd et al., 2007). Measurements of gonad size, fecundity, 
and other measures of reproductive condition immediately downstream of urbanized locations 
may provide evidence of impairment via EDCs. For example, studies have documented gonadal 
impairment in white suckers below wastewater treatment plants in Colorado (Vajda et al., 2008); 
expression of elevated vitellogenin in male walleye exposed to estrogenic EDCs in the Upper 
Mississippi River (Miller et al., 2012); decreased egg production in fathead minnows within 
urbanized watersheds (Corsi et al., 2011); infertility in roach in sewage-impacted U.K. rivers 
(Jobling et al., 2002); depressed ovarian maturation in sole residing in EDC-contaminated 
sediments in Washington (Johnson et al., 1993); and high incidence of intersex darters near 
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multiple wastewater treatment facilities in the Grand River of Ontario (Tetreault et al., 2011). In 
order to make a strong link between point-source discharges of EDCs and physiological 
responses, most of these studies have focused on a single point source or cluster of sources. To 
better understand the impacts of EDCs on wild fish populations at landscape scales, an 
assessment of spatial variability in the measures of reproductive health across a system is 
needed. This would assist in determining under which conditions EDCs may exert more 
influence on fish health and establish the overall responses exhibited by different fish 
populations. 
EDCs are often released into streams and rivers through wastewater treatment plants 
(WWTPs) and can even be found at detectable concentrations at long distances downstream 
(Jeffries et al., 2010), though observed biological effects have been shown to gradually dissipate 
downstream of urbanized locations. For example, a decline in the proportion of intersex darters 
was noted as distance increased up to six kilometers from major wastewater outfalls (Tanna et 
al., 2013). The Illinois River, a principal tributary of the Mississippi River, has a history of 
sewage pollution via WWTPs and currently has a strong urban-to-rural land use gradient from 
the upper river to the lower river (Delong, 2005). Scientists with the Illinois Natural History 
Survey (Ross & Sparks, 1992) found a gradient of toxic industrial and domestic sewage-related 
pollution in the sediments of the Upper River in close proximity to the metropolitan Chicago 
area (River Kilometer 504) with toxicity decreasing as distance downstream from Chicago 
increased. A USGS study determining impacts along an urban-to-rural gradient among 
metropolitan watersheds found that the concentration of PAHs and insecticides was positively 
correlated with urban development; peak toxicity levels were found at sites with at least 40% 
urban development and toxic pesticide concentrations were detected at 80% of sites with more 
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than 25% urban land cover (Coles et al., 2012). Based on these findings, I would expect fish 
from the Upper Illinois River to have lower reproductive condition due to higher potential for 
EDC exposure (Martinovic-Weigelt et al., 2013) as seen in largemouth bass from that region 
(Fritts et al., 2016).  Based on the historical and current pollution profile of the Illinois River and 
current population trends for common carp and channel catfish in the Illinois River, I: 1) 
examined the upstream-to-downstream trends in reproductive condition in these species and 2) 
compared the reproductive condition of carp collected in the river to those caught in the 
Emiquon Preserve, a reference system with no current point-source effluents. 
3.2 MATERIALS AND METHODS 
Study Area  
The Illinois River basin is approximately 73,000 km2 in area with generous riverine and 
floodplain habitats that sustain a wide array of fishes, waterfowl, and other vertebrates 
(Cruikshank, 1998; Delong, 2005). The upper reaches of the river, beginning at river kilometer 
436 in the Dresden reach, are predominantly influenced by metropolitan Chicago area that 
contains over 80% of the basin’s population (Figure 3.3). In contrast to the upper river basin the 
lower basin, from the Starved Rock Lock and Dam at river kilometer 300 to the confluence with 
the Mississippi River at Alton near river kilometer 30, is almost 90% agricultural land cover with 
infrequent urban areas. The reference location, the Emiquon Preserve in the lower reaches near 
river kilometer 190, is presumed to be relatively unaffected by point-source WWTP effluent 
because it has been disconnected from the river by levees for nearly a century. However, this 
property was in agricultural production for that length of time, which could result in long-term 
contamination from pesticide applications (Havera et al., 2003).   
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Fish Collection 
I collected male and female common carp and channel catfish across a downstream 
transect that started near RKM 437 in the Dresden reach and ended in the Alton reach near RKM 
0 (Figured 3.3). The Channahon, Morris, and Ottawa sites, all located between RKM 446 and 
RKM 375, are categorized as the Upper River region as they are located in the Upper Illinois 
River watershed. The remaining sites at Chillicothe, Peoria, Liverpool, Havana, Bath, Meredosia, 
and Hardin, all located between RKM 290 and RKM 32 were categorized as the Lower River 
region of the Lower Illinois River watershed (Figure 3.3). I collected carp at ten sites in April 
and May of 2015 and catfish at six sites in June and July of 2015 via electrofishing and netting in 
main-channel, side-channel, and backwater habitats. In addition to riverine locations, I also 
collected common carp via electrofishing in backwater habitat at the Emiquon Preserve in April 
and May 2015.  
Egg and Gonad Data Collection  
I assessed fecundity by estimating the total number of eggs in a clutch and relative 
fecundity as the number of eggs per gram of body weight. To produce egg counts, I extracted 
gonads from fresh common carp and channel catfish specimens, fixed the gonads in 10% 
buffered formalin for 24 hours, and rinsed them with water. I dissected a single lobe and 
produced three subsamples for each individual carp and catfish, weighing approximately 0.5 
grams and 1 gram each respectively. I placed each subsample into a small vessel containing 10 
mL of deionized water and 5 drops of soap solution in order to facilitate egg separation (Holm & 
Kjesbu, 1994).  
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Once eggs were sufficiently separated from any membranous material, I transferred the 
eggs to a petri dish and scanned them at 1200 dpi on a flatbed scanner. The images obtained 
from these scans allowed enumeration and diameter of eggs via ImageJ software (ImageJ 1.49v, 
National Institutes of Health; USA) (Klibansky & Juanes, 2008). The scale for the 1200 dpi 
images was set to 0.0472 pixels/micron and particles were filtered to an area ≥ 31416 µm2 and 
circularity between 0.5-1. I then converted the images to an 8-bit format and assigned an 
appropriate threshold. I erased scratches and dust appearing in the image via the “Despeckle” 
tool and used the “Watershed” application to separate clumped oocytes. I manually erased debris 
from the image prior to analyzing the oocytes to prevent false inclusion.  
I also calculated mean egg diameter, an index of reproductive investment, for each fish 
from the same three subsamples used for the egg counts (Klibansky & Juanes, 2008). I estimated 
total fecundity, or the total number of eggs, by dividing each subsample egg count by its weight, 
multiplying by the total ovary weight, and finding the average total number of eggs by 
extrapolating from the subsamples.  
I used the gonadosomatic index (GSI), expressed as the proportion of gonad weight (g) to 
total body weight, to evaluate reproductive investment. I also used liver somatic index (LSI), the 
weight of the liver (g) in proportion to total body weight, as an index of general health. I 
extracted these organs from fresh specimens and weighed them each separately. 
Statistical Analysis 
I used Analysis of Covariance (ANCOVA) to assess differences in gonad weight, egg 
number, egg diameter (i.e. dependent variables) by region with fish length as the covariate. I 
used non-parametric ANCOVA (R package ‘sm’) if a dependent variable violated ANCOVA 
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assumptions of normality, even after transformation. Thus, because of non-normal distributions, 
non-parametric ANCOVA was needed to assess mean egg diameter of both species by region 
with length as the covariate, which tests for equal slopes but not equal intercepts. GSI and LSI of 
carp were analyzed via One-way Analysis of Variance (ANOVA) with GSI and LSI as separate 
the response variables and region as the independent categorical variables. Female common carp 
GSI proportion values were arcsine-transformed to improve normal distributions. Any significant 
ANOVA results were followed by a Tukey’s post-hoc test to differentiate between regions. 
Differences in catfish indices (GSI and LSI) between the Upper and Lower regions of the river 
were tested with two-sample t-tests for normally distributed data. Female and male catfish LSI 
were log-transformed prior to analysis. All analyses and figures were produced with Program R 
(version 3.1.2, R Core Team) with statistical significance set to α=0.05.  
3.3 RESULTS 
Reproductive parameters and LSI condition in common carp 
 For carp, the slopes of the relationships between gonad weight and length for males and 
females were similar between regions but intercepts were significantly different. Specifically, 
male carp from Emiquon had lower gonad weights at a given body length than either Upper 
River (p<0.0001) and Lower River males (p<0.0001), but male carp from the Upper and Lower 
River were not significantly different from each other (p=0.36). Similarly, female carp from 
Emiquon had lower gonad weights at a given body length than Upper River females (p=0.02) 
and Lower River females (p=0.003), but no difference was found between female carp from the 
Upper and Lower River (p=0.48). (Figure 3.4). The slopes of the regression of egg number on 
length by region were significantly different between river carp and Emiquon carp (p=0.0002) 
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indicating an interaction and precluding a test for equal intercepts (Figure 3.5). There was a weak 
negative correlation between egg number and fish length from Emiquon (R2= -0.166), but there 
were stronger positive correlations between these variables in carp from the Upper (R2= 0.407) 
and Lower (R2= 0.691) rivers. Egg diameter increased with increasing body length in carp from 
both regions of the Illinois River, and non-parametric ANCOVA showed that the slopes of egg 
diameter and length were different between regions (p=0.047). Emiquon carp generally had 
smaller eggs at a given size in comparison to river carp, though an interaction in slopes 
precluded a test for intercepts (Figure 3.5). 
Male and female carp from the Illinois River had significantly greater mean GSI than did 
those from Emiquon (p<0.0001; p=0.012) (Figure 3.6). The mean relative fecundity differed 
significantly among regions (p=0.029), and carp from Emiquon had a lower number of eggs per 
gram of total body weight in comparison to those from the Lower river (p=0.051) (Figure 3.6). 
The LSI was significantly elevated in the male carp from the Upper River compared to the 
Lower River and Emiquon (p<0.0001) (Figure 3.6), but the LSI in female carp was not different 
among regions (Figure 3.6).  
Reproductive parameters and LSI condition in channel catfish 
Gonad weight increased with total body length for both female and male catfish from the 
Upper and Lower Illinois River regions at similar rates (Figures 3.7). In addition, there were also 
similar increases in fecundity and egg diameter with total body length for female catfish from 
both the Upper and Lower Illinois River (Figures 3.8). 
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Neither male nor female GSI, nor relative fecundity, differed among region (Figures 3.9). 
In contrast male and female catfish from Upper River both displayed elevated LSI compared to 
Lower River fish (male: p=0.02; female: p<0.0001) (Figures 3.9).   
3.4 DISCUSSION 
The results from my study indicated that while fecundity and GSI in fish collected in the 
river did not seem to vary along an upstream-to-downstream gradient, fish in the Upper Illinois 
River did have elevated liver size in relation to body weight in comparison to those downstream. 
If point source discharge of EDCs from WWTP effluents are responsible for reproductive 
impairment in catfish and carp, then I would also expect improvement in the measures of 
fecundity as well as GSI and LSI of fish collected downstream where the density of point-
sources and volume of EDC wastewater declines. Instead my results showed very little change in 
any of these parameters. This suggests that either these two fish are not susceptible to the 
exposure and/or effects of existing EDC concentrations, or perhaps that there are sources other 
than urban wastewater that are introducing EDCs throughout the length of this river. For 
instance, there are non-point sources of EDCs associated with the expansive agricultural land 
cover in the lower basin of the Illinois River. Agricultural landscapes are a source of large 
sediment loads in the Illinois River and some EDCs are hydrophobic and persistent in the 
sediment (Di Giulio & Hinton, 2008). Thus, EDCs associated with suspended solids in transport 
may be a significant additional source (Lee et al., 2003). There is also widespread pesticide 
application throughout the Illinois River Valley; in 1965 alone, over 1,000 tons of insecticides 
including known EDCs were applied primarily within the lower basin (Starrett, 1972). This 
number climbed to 6,000 tons by the 1990s, subsequently surpassing safe drinking-water and 
aquatic organism protection standards (Groschen et al., 2000; Starrett, 1972). While it is widely 
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accepted that WWTPs are a primary source of EDCs, the lack of a clear downstream 
improvement in reproductive health of carp or catfish suggests that the potential of non-urban or 
non-point sources should be further explored. 
I observed elevated liver size in proportion to body weight in both genders of both 
species in the Upper River region closest to Chicago. The liver is essential to endocrine 
functioning by responding to estrogen and producing and transporting the female-specific egg 
yolk precursor vitellogenin (VTG) (Di Giulio & Hinton, 2008). 17β-estradiol (E2), the vital 
estrogenic hormone in female fish, is created by the ovaries along the hepatocellular pathway 
(Pait & Nelson, 2002). Because of the liver’s involvement in the binding of estrogens and 
synthesis of VTG, it can be highly sensitive to EDCs via wastewater and non-point sources. 
Some of the most estrogenic EDCs, the synthetic ethinyl estradiol (EE2) and natural excreted 
estrogens are distributed ubiquitously through municipal wastewater discharge and may 
stimulate endocrine responses with 5 times the effectiveness of endogenous estrogens, thus 
causing upregulation of liver activity. For example, darters collected below a sewage treatment 
plant exhibited elevated LSI in a highly urbanized location (Tetreault et al., 2011), similar to the 
catfish and carp in the Upper Illinois River. Care should be taken in interpretation, however, as 
only a small proportion of carp collected in the Illinois River were analyzed for LSI, and 
comparatively larger livers in both the carp and catfish that were examined could be an 
indication of other environmental stressors such as food availability, parasitism, and metabolism 
of chemicals.  
Reproductive parameters were similar in carp from the Upper and Lower River, and fish 
from these regions were in better reproductive condition than those from Emiquon. This 
decreased fecundity in carp from Emiquon suggested that this population is investing less energy 
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into reproduction and gonad size and possibly using energy stores for growth, as Emiquon carp 
collected for this study were generally heavier per unit length. Though measures of GSI can be 
highly variable and are not inherently associated with endocrine disruption, appreciably low GSI 
values are often seen in fish exposed to EDCs, even leading to impeded gametogenesis and 
maturation (Lavado et al., 2004). What is known about the duration and extent of the Emiquon 
Preserve’s disconnection from river water does not support the idea that EDCs are suppressing 
reproductive condition there. Wild roach from reference sites free of known contaminants were 
in better reproductive condition (i.e. greater GSI) than those from contaminated locations 
(Jobling et al., 1998). The environment of the Emiquon Preserve is drastically different from the 
river in that it is lentic and provides ample resources such as vegetated habitat and substantial 
food sources of benthic invertebrates. Due to the consistent pools of deeper water, fish at 
Emiquon may be less prone to oxidative stress in the summer and winter months as well, which 
would allow for a reduction in energy output for respiration. There may be density-dependent 
factors to consider, as there fewer carp spread throughout 5,000 acres of floodplain habitat (<1 
fish caught per hour of sampling effort), and compose <1% of Emiquon’s fishes, whereas the 
river has numerous, established carp populations (VanMiddlesworth & Casper, 2015). If 
population densities are indeed lower at the Emiquon Preserve, this may diminish competitive 
opportunities and minimize the necessity of large clutch sizes typical to this invasive species. It 
is also possible sources of pollution in the Illinois River have provided nutrient input that would 
have a positive effect on fish production and thereby increase reproductive parameters (Askey et 
al., 2007). Another caveat is that Emiquon is not entirely devoid of contaminants, as mercury 
advisories have been issued for largemouth bass and common carp collected from the lake 
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(Hilsabeck, 2016). Thus, these differences in population dynamics and habitat may explain the 
lower reproductive conditions of Emiquon carp in comparison to river carp.  
Conclusions and implications 
This research establishes the reproductive condition of common carp and channel catfish 
in the Upper and Lower Illinois River watersheds. The elevation in liver indices of Upper Illinois 
River fish may necessitate further exploration of environmental stressors responsible for this 
difference as well as more thorough examination of livers (e.g. liver histology) for indicators of 
EDC exposure or parasitism. Investigation into the effects of landscape attributes on 
reproduction of these species revealed that temperature is a crucial component of reproductive 
response. In addition, there is potential for gonad size to be negatively affected by adjacent 
urbanization. The discovery of intersex condition in largemouth bass in the Illinois River raised 
concerns about whether EDCs may be affecting other sportfish. However, I demonstrate that the 
reproductive condition of common carp and channel catfish from the Illinois River did not 
change in relation to distance from Chicago and related upstream EDC exposures. The lack of 
reproductive response suggests other ameliorating factors may need to be explored including low 
fish tissue concentration of contaminants, ages of collected fish, and the presence of adaptations 
to chronic endocrine exposures in these species. Further, the reduced reproductive condition of 
carp collected at Emiquon compared to those collected in the Illinois River suggests the potential 
for either hidden sources of contaminants or some other environmental factor is affecting 
reproduction at this preserve. Although channel catfish currently provide an economic benefit to 
recreational and commercial fisheries, little research has been conducted on the influence of 
EDCs and potential reproductive impairment for wild populations. Thus, future research is 
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necessary in order to establish other EDC sources and their distribution in the agricultural 
landscape of the Illinois River Valley and implications for Illinois River fish assemblages. 
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Figure 3.1 (A-B) (A) Abundance measured as catch-per-unit-effort of time (CPUE)  and (B) size 
structure reported as Proportional Stock Density (PSD) of common carp (Cyprinus carpio) in the 
Upper and Lower Illinois River obtained via electrofishing, as reported by the Long-Term 
Electrofishing program’s (LTEF) monitoring collections (Fritts et al., 2014). 
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Figure 3.2 (A-B) (A) Abundance measured as catch-per-unit-effort of time (CPUE) and (B) size 
structure measured as Proportional Stock Density (PSD) of channel catfish (Ictalurus punctatus) 
in the Upper and Lower Illinois River obtained via electrofishing, as reported by the Long-Term 
Electrofishing program’s (LTEF) monitoring collections (Fritts et al., 2014).   
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Figure 3.3 Map of sampling sites along the Illinois River from May to July of 2015. Sites were 
categorized by Upper River and Lower River, with an additional reference site at the Emiquon 
preserve.  
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Figure 3.4 (A-B) Scatterplot of (A) male carp (Cyprinus carpio) and (B) female carp gonad 
weight as a function of total length.  
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Figure 3.5 (A-B) Scatterplot of carp (Cyprinus carpio) (A) egg counts and (B) egg diameter as a 
function of length, separated by region.  
  
(B) 
(A) 
Upper River 
Lower River 
Emiquon 
87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 (A-D) Boxplots of (A) male carp (Cyprinus carpio) gonadosomatic index (GSI), (B) 
female carp GSI, (C) carp relative fecundity, (D) male carp liver somatic index (LSI), and (E) 
female carp LSI between regions. Sample medians are given as bars, the upper and lower edges 
of the box are the 75th and 25th percentiles, upper and lower whiskers are maximum and 
minimum values (excluding outliers), and the open circles represent outliers that are 1.5 times 
the values of the 75th and 25th percentiles. 
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Figure 3.7 (A-B) Scatterplot of (A) male catfish (Ictalurus punctatus) gonad weight and (B) 
female catfish gonad weight as a function of total length. 
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Figure 3.8 (A-B) Scatterplots of catfish (Ictalurus punctatus) (A) egg number and (B) egg 
diameter as a function of total length, separated by Upper and Lower River regions.  
 
Upper River 
Lower River 
(A) 
(B) 
90 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 (A-E) Boxplot of (A) male catfish (Ictalurus punctatus) gonadosomatic index (GSI), 
(B) female GSI, (C) relative fecundity (D) male LSI, and (E) female LSI between regions. 
Sample medians are given as bars, the upper and lower edges of the box are the 75th and 25th 
percentiles, upper and lower whiskers are maximum and minimum values (excluding outliers), 
and the open circles represent outliers that are 1.5 times the values of the 75th and 25th 
percentiles. 
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CHAPTER 4: SUMMARY 
The goal of this thesis is to explore the potential for reproductive impairment in fish of 
the Illinois River, a river system that was historically influenced by the pollution and currently 
by EDCs. The river presents a spatially contrasting set of EDC sources including the urban-
industrial of Metropolitan Chicago in the Upper River and the contrasting intense agricultural 
landscape of the lower river. I expect that reproductive impairment will be higher in closer 
proximity to point sources of EDCs such as wastewater treatment plants and highly urbanized 
areas. In the first chapter I investigated patterns of intersex condition in male carp and catfish 
and the expression of VTG in male across the Illinois River. There was little spatial difference in 
intersex condition across sites, but intersex was identified in both species, some at particularly 
populous areas. Male carp also did not express levels of VTG comparable to females, however, 
female carp from the Upper Illinois River had significantly higher levels of VTG. In the second 
chapter I examined the influence of land use and wastewater discharge variables at each site on 
the fecundity and condition indices of both species. The reproductive metrics of both fish did not 
vary in relation to these landscape and pollution variables, except for the GSI of male carp. The 
last chapter compared broader indices of reproductive condition such as egg number, egg 
diameter, GSI, and LSI in these 2 species between the river and a reference location 
disconnected from the river. Most reproductive parameters did not differ between Upper River 
and Lower River fish of both species, but Emiquon carp had smaller and fewer eggs than riverine 
carp. Common carp and channel catfish of both genders collected in the Upper Illinois River had 
enlarged livers in comparison to those downstream. I showed that while point sources of 
wastewater discharge and urban land cover are generally considered the most important 
contributors of EDCs in the lab and literature, these parameters were not good predictors of 
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reduced reproductive condition in the river. Overall a major implication of this thesis is that there 
may be other important and more evenly-distributed EDC sources such as agricultural runoff and 
groundwater contamination that mask point-source based patterns that I expected.
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APPENDIX A. Histological procedures obtained from the University of Illinois-Champaign-
Urbana’s Veterinary Diagnostics Laboratory. 
 
Processing was completed on a VIP 6 processor from Sakura. 
Tissues are embedded using Leica Formula R paraffin.  Tissues are placed down into a mold 
filled with molten paraffin then cassette is placed on the top of the mold and is filled with more 
molten paraffin.  It is then placed on a cold plate to solidify the paraffin.  The block is then 
removed from the mold and excess paraffin is removed from the sides of the block.   
The blocks are then faced using a microtome to obtain a full face section.  We then cut a 
ribbon at 3µm and it is placed on a warm water bath (45-50° C).  We then pick up a section free 
of folds and wrinkles onto a slide.  The slide is then placed into a basket and placed into a slide 
dryer (60-70° C) for approximately 20-30 minutes until the slide(s) are dry and free of water.   
Slides are stained with H&E using an automated stainer (Sakura).  Times for this are as follows: 
Xylene- 3 changes at 3 minutes each 
100% alcohol – 2 changes at 1 minute each 
95% alcohol – 1 minute 
70% alcohol – 1 minute 
DI water – 2 minutes 
Hematoxylin – 3 minutes followed by a water rinse 
Define – 30 seconds followed by water rinse 
Blue Buffer – 1 minutes followed by a water rinse 
80% alcohol – 1 minute 
Eosin – 1 minute 
95% alcohol – 1 minute 
100% alcohol – 3 changes at 1 minute each 
Xylene – 3 changes at 1 minute each 
Following staining the slides are then coverslipped using an automated coverslipper (Sakura). 
  
99 
 
APPENDIX B. Histological cross section from the testes of a male common carp in the Illinois 
River. Intersex is indicated by the presence of testicular oocytes (arrows). 
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APPENDIX C. Common carp (Cyprinus carpio) size-weight attributes at each location (April-
May of 2015). Data are given as mean±S.E. and (min-max) and rounded to the nearest whole 
integer. 
 
Site  Sex n Total length (mm)  
Weight  
(g) 
Gonad weight  
(g) 
Upper river      
D-C F 16 
528±18  
(418-670) 
2621±256 
(1439-4610) 
558±69    
(207-1108) 
 M 30 
501±10  
(425-624) 
1989±112 
(1110-3818) 
164±12       
(82-366) 
M-M F 4 
620±26  
(571-680) 
4240±555 
(2988-5350) 
1035±110 
(795-1248) 
 M 4 
625±26  
(577-692) 
3480±369 
(2721-4355) 
323±34   
(242-409) 
SR-O F 22 
588±14  
(410-682) 
3311±239 
(1195-5530) 
673±86       
(61-1711) 
 M 17 
561±10  
(490-659) 
2510±111 
(1804-3438) 
199±9   
(119-262) 
Lower River      
P-C F 6 
501±58  
(365-765) 
2508±1205 
(770-8460) 
533±438  
(40-2723) 
 M 2 
455±73  
(382-528) 
1240±760  
(480-2000) 
101±61   
(39-162) 
P-P F 15 
573±23  
(384-688) 
3272±359 
(875-5865) 
870±118  
(92-1678) 
 M 14 
500±21  
(317-594) 
1931±194  
(635-3195) 
194±26     
(9-367) 
LG-L F 5 
585±25  
(523-658) 
3035±411 
(2044-4234) 
365±127  
(166-863) 
 M 7 
507±14  
(461-568) 
1852±188 
(1304-2670) 
137±16   
(89-216) 
LG-H F 3 
502±15  
(473-521) 
2028±264 
(1520-2405) 
547±109  
(329-667) 
 M 8 
511±21  
(462-581) 
1800±196 
(1370-2345) 
209±27  
(144-273) 
LG-B F 4 
524±35  
(472-626) 
2217±402 
(1626-3370) 
580±103  
(375-865) 
 M 12 
496±16  
(401-605) 
1700±169 
(1030-3070) 
194±22  
(104-355) 
A-M F 1 540 (540) 2555 (2555) 678 (678) 
 M 13 
477±17  
(319-565) 
1435±124  
(397-2057) 
121±13   
(16-196) 
A-H F 11 
567±24  
(470-712) 
2993±421 
(1595-5920) 
710±101  
(365-1530) 
 M 20 
512±12  
(360-618) 
1936±139  
(645-3515) 
168±15   
(45-298) 
Reference       
EMQ F 8 
604±29  
(510-720) 
3756±493 
(2290-6450) 
483±122  
(240-1285) 
  M 21 
576±14  
(435-727) 
2927±233 
(1425-5775) 
172±19   
(33-362) 
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APPENDIX D. Channel catfish (Ictalurus punctatus) size-weight attributes at each location 
(June-July 2015). Data are given as mean±S.E. with (min-max). Length and weight are rounded 
to the nearest whole integer; gonad weight and liver weight are rounded to the nearest tenth.  
 
 
 
Site  Sex n 
Total length 
(mm)  
Weight  
(g) 
Gonad weight  
(g) 
Liver weight 
(g) 
Upper river             
D-C F - - - - - 
 M - - - - - 
M-M F 4 
444±28  
(383-512) 
1194±185 
(838-1715) 
149±22   
(88-191) 
23.5±3.99 
(16.8-34.6) 
  M 1 328 (328) 691 (691) 0.33 (0.33) 14.8 (14.8) 
SR-O F 13 
452±22  
(345-605) 
1233±199 
(451-2652) 
131±26   
(38-385) 
21.2±3.35 
(5.63-47) 
  M 18 
470±14  
(395-571) 
1159±112 
(590-2490) 
6.57±0.84  
(0.78-13.9) 
19.3±1.79 
(8.47-33.4) 
Lower River         
P-C F 34 
507±10  
(395-639) 
1692±111 
(760-3441) 
228±18   
(62-478) 
23.1±1.99 
(8.74-54.4) 
  M 14 
507±17  
(385-585) 
1501±150 
(582-2458) 
8.92±0.94  
(4.18-16.2) 
19.9±2.13 
(7.92-38) 
P-P F - - - - - 
 M - - - - - 
LG-L F 3 
545±18  
(525-580) 
1975±159 
(1706-2256) 
205±72   
(84-333) 
38.4±9.71 
(25.5-57.4) 
  M 4 
504±37  
(395-556) 
1583±335 
(660-2091) 
7.07±2.48  
(1-12.6) 
35.5±12.3 
(9.67-60.7) 
LG-H F 6 
480±24 
(370-535) 
1362±197 
(488-1686) 
152±33   
(25-237) 
21.3±2.56 
(11.4-27.2) 
  M 3 
532±35  
(485-600) 
1804±414 
(1227-2606) 
12±2.08  
(9.45-16.1) 
25.4±2.02 
(23.1-29.4) 
LG-B F 1 525 (525) 1904 (1904) 290 (290) 24.2 (24.2) 
  M 1 391 (391) 1973 (1973) 2.36 (2.36) 25.1 (25.1) 
A-M F - - - - - 
 M - - - - - 
A-H F - - - - - 
 M - - - - - 
Reference       
EMQ F - - - - - 
 M - - - - - 
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APPENDIX E. Common carp landscape variables summarized by site. RKM Dist = River Kilometer distance from the confluence of 
the Des Plaines and Illinois Rivers. NPDES=National pollutant Discharge Elimination System. Max Temp= maximum air temperature 
in the calendar month of collection. ∆Stage Height= Change in stage height in the calendar month of collection. 
Site 
RKM 
Dist. 
Latitude %Urban %Ag %Veg %Wet 
# 
NPDES 
NPDES Load 
(kg/yr) 
Max Temp 
(°C) 
∆Stage Height 
(ft) 
D-C 0 41.42 35.96 4.17 16.7 43.17 22 3294168 6.8 1.35 
M-M 16 41.34 15.59 23.18 18.11 43.12 7 135519 7.2 6.91 
SR-O 44 41.32 46.54 5.69 41.69 6.08 10 1422228 7.7 0.32 
P-C 97 40.92 13.26 29.36 54.66 2.71 3 11034 19.2 4.5 
P-P 114 40.69 13.26 29.36 54.66 2.71 17 1606576 10.6 4.35 
LG-L 150 40.39 5.66 43.21 39.54 11.58 3 1303333 19.7 3.13 
LG-H 158 40.3 2.79 48 39.46 9.75 2 39836 5.9 3.93 
LG-B 167 40.19 2.79 48 39.46 9.75 1 2425 5.9 7.93 
A-M 211 39.78 2.11 23.93 45.34 28.62 5 25468 18.9 2.81 
A-H 257 39.15 2.54 47.55 32.12 17.79 2 10789 19.2 2.81 
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APPENDIX F. Channel catfish (Ictalurus punctatus) landscape variables summarized by site. RKM Dist = River Kilometer distance 
from the confluence of the Des Plaines and Illinois Rivers. NPDES=National pollutant Discharge Elimination System. Max Temp= 
maximum air temperature in the month of collection. ∆Stage Height= Change in stage height in the month of collection. 
 
Site 
RKM 
Dist. 
Latitude %Urban %Ag %Veg %Wet 
# 
NPDES 
NPDES Load 
(kg/yr) 
Max Temp 
(°C) 
∆Stage Height 
(ft) 
M-M 16 41.34 15.59 23.18 18.11 43.12 7 135519 26.5 12.52 
SR-O 44 41.32 46.54 5.69 41.69 6.08 10 1422228 22.9 0.81 
P-C 97 40.92 13.26 29.36 54.66 2.71 3 11034 24.4 3.69 
LG-L 150 40.39 5.66 43.21 39.54 11.58 3 1303333 24.8 6.73 
LG-H 158 40.3 2.79 48 39.46 9.75 2 39836 23 6.73 
LG-B 167 40.19 2.79 48 39.46 9.75 1 2425 23 5.66 
 
